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Chapter 1: Chiral Micellar, Solvent-Modified, and Microemulsion  
        Electrokinetic Chromatography 
 
1.1 What is Separation Science? 
Separation science is a methodology to separate, measure, and identify components in a 
multi-component mixture [1].  It can be defined as analyzing a mixture and qualitatively 
identifying and/or quantifying each individual component.  Separation science is also 
important in the purification of samples, such as removing salts from an analyte.  Each 
technique takes advantage of one or more of the chemical or physical properties of the 
mixture at hand, which include charge, solubility, size, polarity, and volatility [2].  
Various methods are available and are employed in academia, various industries, and 
beyond.  Local water companies can test for contaminants in the supply before leaving 
the plant and entering into our homes, or a pharmaceutical company may measure the 
amount of active ingredient in headache medicine after a dissolution test for quality 
control.  No matter the significance of the analysis, there will always be a constant need 
for separation science, including the development of new methods.  The demand and 
nature of the analysis is pertinent to the times.  The complexity of samples to be analyzed 
is changing and so the separation techniques evolve with it.   
 
1.2 Types of Separations 
Currently, there are a variety of separation techniques that are employed for various 
reasons, such as identification, measurement, and purification of analytes.  One method 
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of separating a mixture of analytes is liquid-liquid or solvent extraction.  Extractions 
separate analytes based on their solubility differences between two immiscible solvents, 
usually one being an aqueous phase and the other an organic phase.  Acid-base chemistry 
can be employed in extractions.  The charge of an analyte can be altered by means of pH 
to help isolate one compound from another, allowing for selectivity between the analytes.  
Metal-ligand complexes can also be employed in extraction to remove a solute and can be 
soluble in an organic solvent.  This can be used to extract a metal ion from a mixture, 
since metal ions are not usually soluble in organics.   By employing a metal chelator such 
as dithizone or cupferron, metal ions can be extracted more easily.  Further selectivity is 
possible through pH adjustments [1].   
 
Another mode of separation is via precipitation.  Depending on solubility differences, an 
analyte can be separated from a solution and/or impurities, given that the solubility 
product, Ksp, is significantly lower than the impurities in a given solution.  Precipitation 
separations can be done by adjusting pH and/or using a variety of precipitating agents, 
such as adding concentrated nitric acid to precipitate silicon or tin oxides.  Another 
method of precipitation separation is via sulfide preparation.  Through pH adjustments, 
most cations will form insoluble sulfides that can be easily separated from a solution.  
This does exclude group I and II metals and can be problematic since co-precipitation 
may occur and sulfide formation is slow.  Other precipitation techniques are also 
available, such as electrolytic or organic precipitants [3].   
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Although there are several other methods for separation, the main focus will shift to both 
chromatographic and electrophoretic separations.  Chromatography is a separation 
technique that operates with two phases, a stationary phase and a mobile phase.  The 
separation mechanism is dependent upon the analyte’s partitioning between the two 
phases, which in turn depends on analyte-mobile phase and analyte-stationary phase 
interactions.  In regards to electrophoresis, the separation is based on the difference of 
ionic analytes’ mobilities in a solution where an electric field is applied.  Although there 
is a mobile phase, a stationary phase is not necessarily employed.  Electrophoresis can be 
done in a gel matrix and/or within a capillary, the latter allowing for a pseudostationary 
phase (PSP) to be employed as a means of chromatographic separation.  Neutral 
compounds can also be separated from one another, in which both electrophoretic and 
chromatographic mechanisms are employed—this is called electrokinetic 
chromatography (EKC), which will be discussed in conjunction with capillary 
electrophoresis (CE) at a later point.   
 
1.3 High Performance Liquid Chromatography 
Although there are several types of chromatography, such as gas and supercritical fluid, 
high performance (pressure) liquid chromatography (HPLC) will be discussed in detail 
since it is more closely related to capillary electrophoresis.  HPLC is a very common 
analytical tool use in academia and industry, where the mobile phase is aqueous, organic, 
or a combination of the two, and the stationary phase is typically a derivatized silica 
support.  Although the spherical silica supports are most common, there are other types of  
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Figure 1.1. Typical High Pressure Liquid Chromatography (HPLC) instrument [1].  
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supports commercially available, such as monolithic supports, but the details of such will 
not be discussed.  The instrument itself consists of pumps to move the solvent through 
system, an injector for sample introduction, solvent reservoirs, an autosampler, a column 
containing packed particles, a detector, and typically a computer for data acquisition and 
analysis (see Figure 1.1).  There may be some additional components such as a column 
heater and a guard column.  There are two dominant types of HPLC: normal phase liquid 
chromatography (NPLC) and reverse phase liquid chromatography (RPLC).  Other 
separation modes like hydrophilic interaction chromatography (HILIC) that have 
similarities to both normal and reverse phase LC will not be discussed.  In NPLC, a polar 
stationary phase and a less polar or non-polar mobile phase are used.  Here, the stationary 
phase for analytical-scale separations is typically cyano- or amino-bonded silica and the 
separation mechanism is based on adsorption of the analyte to the silica surface.  In 
RPLC, the stationary phase is weakly polar or non-polar, typically long carbon chains are 
attached to the silica surface of the particles, and the mobile phase is polar.  Unlike 
NPLC, RPLC’s mode of separation is based on partitioning of analytes between the two 
phases.  This combination of stationary and mobile phases is the most commonly used in 
HPLC.  As a note, all future references to HPLC and its comparison to capillary 
electrophoresis (CE) will be in reference to RPLC.  The typical stationary phases used in 
RPLC are octadecyl (C18), octyl (C8), and phenyl phases bonded to the silanols (Si-OH) 
on the particles’ silica surface.  One downside to these bonded phases is that the siloxane 
(~Si-O-SiR~) bond hydrolyzes below a pH of 2, severing the bonded phase.  To help 
prevent against hydrolysis, bulky groups, such as isobutyl groups, are bonded to silicon 
atom of the siloxane (noted as R above).  Chiral separations are also achieved in RPLC 
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by employing a chiral stationary phase based on chiral selectors such as carbohydrates, 
amylose, amino acids, and antibiotics [4].  The mobile phase in RPLC is typically a 
mixture of aqueous and one or more organic solvents.  There are two types of elution 
modes, isocratic and gradient.  Isocratic elution means that one solvent system is used 
throughout the entire separation window and gradient elution is used to vary the solvent 
mixture as time progresses in order to elute problematic analytes.   
 
 
1.4 Capillary Electrophoresis: A Short History 
Capillary electrophoresis (CE) is a voltage-driven separation technique in which ionic 
species can be separated in an electric field.  Although electrophoretic separations have 
been performed in its infancy in the late 1800s with gels, agar, free solutions, and various 
other media in glass tubes and by applying relatively small voltages (~100 V) [5], the 
modern CE was first introduced by Hjertén in 1967 [6].  Hjertén performed the 
separation, then described as free solution electrophoresis in capillaries, in a 3 mm i.d. 
capillary with a high electric field.  Although Virtenen [7] and Mikkers et al. [8] were 
aware of the need for smaller capillaries with smaller internal diameters, it wasn’t done 
until Jorgenson and Lukacs demonstrated the capabilities of the modern-day CE in 1981 
[9]
separations, which were not achieved with the conditions used in the Virtenen and 
Mikkers et al. research.   
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In 1984, Terabe et al. [10] introduced another factor to the electrophoretic separation: the 
addition of micelles to act as a pseudostationary phase (PSP), which added a 
chromatographic separation mechanism to the electrophoretic separation.  This mode of 
separation, where a PSP is employed, is generally called electrokinetic chromatography 
(EKC), or micellar EKC (MEKC) when micellar PSPs are used.   
 
 
1.5 Instrumentation for Capillary Electrophoresis 
The instrument employed here consists of a pump for capillary flushing and 
hydrodynamic injection, a high-voltage power supply to apply the electric field and for 
electrokinetic injection, a capillary, an on-line detector, sample and buffer vials, an 
autosampler, a thermostated capillary compartment, and a computer for data acquisition 
and data analysis (Figure 1.2).  The capillary material is typically fused-silica with a 
polyimide outer coating.  The outer polyimide coating gives the capillary protection from 
being scored, and a detector window is burned to remove a small portion of the coating.  
Although silica capillaries are commonplace, Teflon and Pyrex as well as internally 
coated fused silica capillaries are also available.  The capillaries have internal diameters 
that range between 25-100 m and their lengths can vary depending on the analysis and 
system employed.  For example, the minimum length of capillary that can be employed in 
an Agilent 
3D
CE instrument is 32 cm.   
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1.6. Capillary Zone Electrophoresis and the Basics 
There are various separation modes within the family of CE techniques.  The most basic 
form is called capillary zone electrophoresis (CZE).  In CZE, cations and anions can be 
separated from one another, whereas neutral compounds may be separated from ionic 
species but not from one another.  The separation mechanism for CZE is based on the 
ionic species’ migration in the presence of an electric field.  The capillary is filled with 
buffer solution and then the sample is introduced at the inlet end of the capillary.  Both 
the inlet and outlet ends of the capillary as well as electrodes are placed into vials 
containing buffer, and then an electric field is applied, which typically has an upper limit 
of 30 kV.  The ionic species are separated due to differences in their charge and/or 
frictional drag; in other words, separated due to their differences in electrophoretic 
mobility [11]: 
 
E
f
q
Eu epep    
 
The electrophoretic velocity, ep, is equal to the product of electrophoretic mobility, ep, 
and electric field, E.  The electrophoretic mobility is proportional to the ionic species’ 
charge, q, and inversely proportional to its frictional drag, f.  The anions will be attracted 
to the negative, anodic end of the capillary and the cations to the positive, cathodic end.   
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Figure 1.2. Schematic of CE instrument [13]. 
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From the above equation, we can see that electrophoretic mobility, ep, is equal to 
molecule’s charge divided by frictional drag.  Another way to express mobility is through 
the Stoke’s equation [12]: 
 
r
q
ep


6
  
 
where q is charge,  is the viscosity of the solution, and r is the hydrated radius.  From 
the Stoke’s equation, it can be inferred that a small, highly charged molecule will migrate 
rapidly, whereas a large molecule will migrate slower.   
 
Going back to the electrophoretic velocity (ep) equation, we can substitute electric field, 
E, with the following equation: 
 
tL
V
E   
 
where V is the applied voltage and Lt is the total length of the capillary.  In turn, the 
electrophoretic velocity equation can be expressed as 
 
11 
 







t
epep
L
V
u   
 
For a constant capillary length, the greater the applied electric field will yield faster 
velocities for the analytes.  However, the applied voltage is limited by the amount of 
Joule heat that can be dissipated by the capillary cooling system.  Joule heat is produced 
by the friction-generating movement of ions through neutral solvent molecules.  
Excessive Joule heating causes a radial temperature gradient within the capillary that 
result in parabolic and non-uniform flow.  In turn, this may degrade the analytical 
performance of the separation at hand.  Typically, to avoid problems associated with 
Joule heating, an Ohm’s law plot is constructed to determine the optimal conditions 
(voltage) for the parameters at hand.  When current (I) versus voltage (V) is plotted, it 
will be apparent that for a given set of conditions, the Ohm’s law plot will not be linear to 
which at this point there is excessive Joule heating.   
 
Flow within the capillary is the result of electroosmosis.  Electroosmotic flow (EOF) is 
responsible for the net movement of all components of the solution, with the overall net 
movement of all components towards the cathode (under normal polarity).  Without EOF, 
all the cations would move towards cathode but the anions would move towards the 
anode, hence never moving past the detector.  With a sufficiently high level of EOF, 
although anions will electrostatically migrate towards the anode, the larger EOF will push 
the anions past the detector window [14].   
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Figure 1.3. Inner wall of silica capillary (top). Diagram of electroosmotic flow (bottom) 
[1].  
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The inner wall of a bare silica capillary is covered with silanols (Si-OH).  When ionized, 
the silanols attract cations from the solution, creating an electrical double layer which is 
dependent on the pH and ionic strength of the buffer solution in the capillary.  The 
electrical double layer is composed of the fixed, negatively charged surface silanols and a 
static layer of adsorbed cations, which is also known as the Stern layer.  The center of 
this adsorbed layer of anions is called the inner Helmholtz plane (IHP).  Beyond the Stern 
layer is a diffuse layer of excess cations in solution, with the plane between the diffuse 
layer and bulk liquid called the outer Helmholtz plane (OHP) [14].  EOF is created when 
hydrated cations in the diffuse layer move in response to the electric field, moving the 
bulk solution towards the cathode via frictional forces (Figure 1.3).  This phenomenon 
causes a virtually flat velocity profile across the diameter of the capilary.  However, due 
to the immobile Stern layer, the velocity near the capillary wall is zero, causing the 
velocity to drop to zero close to the wall [12, 15].   
 
Since the velocity profile in CE is almost entirely flat, zone broadening due to mass 
transfer in the fluidic phase is greatly reduced, resulting in higher efficiencies than in 
HPLC.  In regards to HPLC, the velocity profile is parabolic due to the pressure-driven 
flow (Figure 1.4).  This causes band broadening of the chromatographic peaks and in 
turn, driving down the efficiency of the separation.  The EOF generated can be varied by 
adjusting the pH and/or the ionic strength of the solution.  A more acidic pH will cause 
the EOF to slow down.   This occurs due to the surface silanols being mostly neutral 
under acidic conditions, thus preventing the electrical double layer from forming and 
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generating the charges responsible for EOF.  The ionic strength of the background 
electrolyte also affects the EOF by influencing the electrical double layer thickness.  As 
ionic strength increases, the thickness of the double layer decreases.  In turn, this causes a 
decrease on the zeta potential and hence, a decrease in the EOF [16]. 
 
Efficiency is an important figure of merit in CE.  Efficiency, or theoretical plate number 
(N), is expressed as  
 
t
depeo
DL
VL
N
2
)(  
  
 
where V is voltage, Ld is length of capillary to detector, D is the solute diffusion 
coefficient, and Lt is the total length of the capillary [12, 17].  Since the velocity flow 
profile is flat in CE, high efficiencies can be achieved.  In CE, the high efficiencies are in 
part to due to the lack of a stationary phase, the presence of which would necessitate 
mass transfer of solutes between stationary and mobile phases (as seen in HPLC).  
Therefore, the only source of band broadening in CE is longitudinal diffusion (ideally).  
The lack of stationary phase eliminates the phenomena of eddy dispersion and mass 
transfer between the mobile and stationary phases that often greatly reduce the efficiency 
in HPLC.  It is important to mention that band broadening is possible from excessive 
Joule heating due to the temperature gradient within the capillary that occurs (Figure 5).   
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Figure 1.4. Velocity profiles for electrophoretic (top) and pressure-driven (bottom) flows 
[1]. 
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Resolution, Rs, is another chromatographic figure of merit that describes how well two 
adjacent peaks separated.  If we consider the following equation, 
 
avgavg
s
v
v
W
L
v
vN
W
R






4
 
 
where , W, v, and vavg are the distance between zone centers, sample zone width, 
difference in velocity and the average velocity, respectively, it is evident that resolution is 
dependent on efficiency.  It is also important to note that resolution can also be dependent 
on the length of the capillary, L, if the width of the sample zone, W, remains constant.   
 
When conducting an electrophoretic separation, a background electrolyte is necessary, so 
a pH buffer is typically employed.  A buffer is not only an electrolyte; it also maintains a 
reproducible and constant source of EOF by controlling the acid-base environment inside 
the capillary.  There are many buffers that may be used for CE.  Not any buffer can be 
chosen; the pKa of the buffer should be within once pH unit of the desired pH.  Also, it is 
ideal to choose a buffer that has a low conductance, is stable, is cost-efficient, and has 
high optical transparency (since UV-Vis is typically the detector used).    
 
There are a few factors to consider before starting an experiment, such as the type of 
injection, temperature, and detector.  As for injection type, there are two options:  
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Figure 1.5. Band broadening from excessive Joule heating due to the temperature gradient 
within the capillary [11]. 
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hydrodynamic and electrokinetic.  Hydrodynamic injection is performed via siphoning or 
by applying pressure or vacuum. Electrokinetic injection is done by applying an electric 
field.  The problem with electrokinetic injection is the sample bias due to differences in 
the analytes’ mobilities.  Temperature is another parameter that can be adjusted.  When 
temperature is raised, both the electroosmotic mobility and electrophoretic mobility will 
be increased and the migration time of the analytes will be reduced.  With respect to 
electrophoretic mobility, if we consider the Stokes equation 
 
rf 6  
 
where f  is the frictional drag,  is the fluid viscosity, and r is the particle radius, then it is 
apparent that a decrease in viscosity (caused by an increase in temperature) will yield a 
decrease in frictional drag.  In turn, a decrease in f will cause an increase in 
electrophoretic mobility (ep; see electrophoretic mobility equation).  Although the UV-
Vis and diode array detectors are common, there are a few other options, such as 
fluorescence and mass spectrometer detectors.   
 
1.7 Electrokinetic Chromatography 
As previously mentioned, in 1984, Terabe et al. [10] were the first to use an additive as a 
pseudostationary phase, which provided a chromatographic mechanism for separation in 
addition to the electrophoretic separation provided by the use of an electric field and an 
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electrolytic medium.  Terabe et al. added the surfactant sodium dodecyl sulfate (SDS) to 
a buffered solution at a concentration above the critical micelle concentration (CMC) in 
order to form micelles.  Although the micelles migrated slowly within the capillary and 
were not a true stationary phase, analytes still partitioned into and out of the micelles, 
with separation based on differences in solute polarity.  More polar analytes will partition 
mainly in the aqueous mobile phase whereas less polar analytes will spend more time in 
the hydrocarbon environment of the micelle.  One key difference between EKC and 
HPLC is the nature of the stationary phase.  With SDS, the electrophoretic velocity of the 
micelles is slower and in the opposite direction than that of the EOF, yet the net 
movement of the aggregates is in the same direction of the EOF.  SDS is an anionic 
surfactant, so its micelles move toward the anode while EOF is moving towards the 
cathode.  Eventually, the micelles are swept towards the outlet end, but again, the 
movement is slower than that of the mobile phase.  This, when using an anionic PSP and 
under normal polarity (from anode to cathode), is considered the normal elution mode of 
EKC.  However, when a cationic surfactant is employed, such as cetyl 
trimethylammonium bromide (CTAB), the EOF will be reversed (moving from cathode 
to anode, or upstream).  The cationic surfactant coats the negatively charged interior 
silica surface, with the surfactant tails pointing away from the capillary wall.  Another 
layer of cationic surfactant orients itself on the first layer, where the surfactant tails align 
to form a hydrocarbon bilayer.  Thus, the charged headgroup of the second layer is 
exposed to the background electrolyte causing the wall to have a positive charge [1].  At 
low pH, the EOF can be slowed down and the PSP becomes a selective mobile phase, 
migrating quickly towards the anode. 
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As previously discussed, EKC provides a secondary separation mechanism.  This 
chromatographic mechanism is similar to HPLC, where an analyte will interact with the 
PSP and the separation is based on its preference for the hydrophilic aqueous phase or the 
hydrophobic aggregate.  In EKC, the separation of two neighboring compounds, or 
resolution, is expressed with the following equation [18]: 
 

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where N is the efficiency,  is the selectivity or the ratio of retention factors (k2/k1), k2 is 
the retention factor of the second peak/analyte, kavg is the average retention factor for the 
pair of peaks/analytes, r is the analyte relative electrophoretic mobility (ep/eo), tPSP is 
the migration time of the PSP, and t0 is the retention time of an unretained marker 
compound (such as methanol or nitromethane).   It is important to note that in the above 
equation, the fourth term is added for EKC separations but not seen for HPLC 
separations.  The fourth term accounts for the moving PSP in EKC separations, rather 
than a non-mobile packed stationary phase as employed in conventional HPLC.   
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As previously mentioned, selectivity, , is the ratio of the retention factors of two 
neighboring peaks (k2/k1).  Specifically, enantioselectivity, enant, refers to the selectivity 
of a pair of enantiomers.  Therefore, retention of peaks plays a role on the selectivity of a 
given separation.  Retention factor, k, can be expressed as 
 
 
 
ReoPSPep
eoepR
tt
tt
k
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,0
0
1
1


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where tR is the analyte’s retention time, ep is the electrophoretic mobility, eo is the 
electroosmotic flow, t0 is the retention time of an unretained compound, and ep, PSP is the 
electrophoretic mobility of the pseudostationary phase [19].   
 
The elution window (tPSP/t0) for a given set of EKC conditions also has an effect on a 
given separation’s resolution.  A small elution window can have a negative impact on 
resolution in that there may not be sufficient time for each migrating analyte to fully 
separate from one another.  Yet, a larger elution window would allow for better 
resolution but will increase analysis time.  A balance of elution range, retention, 
efficiency, and selectivity is necessary for sufficient resolution of analytes for a given 
separation.   
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1.8. Calculations Specific to Research Conducted 
In the upcoming chapters, the research discussed will have all used the following 
calculations and have been included here to avoid redundancy.  Chiral separations were 
analyzed in terms of peak efficiency (N), resolution (Rs), retention factor (k) and 
enantioselectivity (enant).  Both resolution and efficiency were calculated using the half-
height equations provided by the ChemStation software, if resolution was less than 
baseline. In analyses with baseline resolution or better, statistical moments or the Foley-
Dorsey equation was used [20].  Statistical moments resolution and efficiency was 
provided by ChemStation software, and the Foley-Dorsey equation uses peak width and 
asymmetry factor at 10%.   
 
The ChemStation software used to evaluate the separations uses the following equations 
to calculation resolution and efficiency: 
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where tR is the retention time, a and b represent peaks 1 and 2 of each enantiomeric pair, 
and W50 is the peak width at half height.   
 
Mobilities of the analytes were calculated, correcting for the voltage ramp time (tVRC) that 
occurs at the start of every injection: 
 
2
t
tt
VR
RVRC
   (3) 
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where tR is the retention time in minutes, tVR is the voltage ramp time in min, Ltot is the 
total length of the capillary in cm, Leff is the effective length in cm, tVRC is the voltage 
ramp corrected time in minutes, and V is the applied voltage in kV.  For all injections,  
tVR is 0.30 min.  Equations (3) and (4) are used along with t0 and tPSP marker retention 
times to calculate the electroosmotic flow (eo) and the net mobility of the PSP (PSP), 
respectively.  The PSP’s electrophoretic mobility (ep,PSP) is simply calculated by 
subtracting eo from PSP.  The direct measurement of an analyte's electrophoretic 
mobility in a PSP (ep,EKC) is not possible, since EKC separations feature both 
electrophoretic and chromatographic phenomena.  Instead, the electrophoretic mobility of 
an analyte under EKC conditions is estimated from the corresponding mobility under 
CZE conditions and then correcting for the difference in the viscosities of the CZE and 
EKC buffer solutions [21]: 
   

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,
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where ep,EKC is the approximate analyte electrophoretic mobility under EKC conditions, 
ep,CZE is the measured analyte electrophoretic mobility under CZE conditions (same 
conditions as EKC conditions, without using a PSP),  tP,CZE and tP,EKC are the retention 
times for a plug of isopropanol.   
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Retention factors (k) were calculated for each analyte using the following equation [19]: 
 
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 (6) 
 
The enantioselectivity (enant) is calculated by taking the ratio of the retention factors for 
each pair of enantiomers (k2/k1). 
 
1.9 Pseudostationary Phases in Electrokinetic Chromatography 
Since the inception of micellar electrokinetic chromatography, a variety of additives have 
been used in EKC, such as crown ethers, cyclodextrins, vesicles, and microemulsions.    
PSPs allow for the separation of not only ions from one another, but neutrals as well.  
With the advent of chiral PSPs, enantiomeric pairs can be separated from one another 
using EKC.  Surfactant-based PSPs, which include micelles, microemulsions, and 
vesicles, have been the main focus within our group.  Micelles are simple PSPs formed 
when the surfactant concentration exceeds the minimum concentration for aggregation, or 
critical micelle concentration (CMC).  Micelles can form in aqueous media, in which the 
polar head groups face towards the aqueous environment, and the non-polar tails 
aggregate towards the center of the spherical PSP (Figure 1.6).  As expected, reverse 
micelles form in an organic, non-polar environment, where the hydrophobic tails face the 
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non-polar solvent and the hydrophilic head groups aggregate towards the center of the 
micelle.   
 
Microemulsions can be broken down into two types: water-in-oil (w/o) or oil-in-water 
(o/w) (Figure 1.7).  W/o microemulsions are formed in a non-polar environment in which 
three components are surfactant, co-surfactant, and a small amount of water to be used as 
a core of the emulsion.  The non-polar environment is typically long-chained alkanes or 
water insoluble alcohols, such as pentanol.  Although not commonly used in 
microemulsion electrokinetic chromatography (MEEKC), w/o microemulsions are useful 
to analyze solutes that are not readily water soluble, such as steroids [22] and sunscreen’s 
sunblock filters [23].  In contrast, o/w microemulsions are formed in an aqueous 
environment, and contain surfactant, co-surfactant, and an oil core.  These 
microemulsions were first used as a PSP for electrokinetic chromatography in 1991 by 
Watari et al. [24].  They were able to show that analysis time and resolution, and 
therefore migration window, could vary greatly by changing one or all the components of 
the microemulsion.  Following Watari et al.’s initial investigation, Terabe and Matsubara 
studied other chromatographic factors, such as selectivity and efficiency, and compared 
those results to micellar systems [25].   
 
Vesicles are another type of surfactant-based aggregate in which a bilayer forms into a 
sphere with an aqueous core.  The bilayer forms in such a way that two layers of 
surfactant line up, with the hydrophobic tails facing each other and the hydrophilic heads 
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                                 Figure 1.6. Pseudostationary phases in EKC [31]. 
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                  Figure 1.7. Composition of oil-in-water microemulsion. 
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facing both the outer face of the aggregate and the interior wall of the aggregate (Figure 
1.6).   Liposomes have been used as unilamellar pseudostationary phases in EKC but 
proved to be relatively unstable [26-28].  However, a nonstoichiometric mixture of 
anionic and cationic (single or double tailed) surfactants formed stable, unilamellar 
vesicles and have been used [28-30].  For example, Hong et al. [30] were the first to use 
surfactant vesicles for EKC, employing a mixed system of dodecyl trimethylammonium 
bromide (DTAB), a cationic surfactant, and sodium dodecyl sulfate (SDS), an anionic 
surfactant.  They were able to show that these vesicles provided higher efficiency, larger 
elution window, and greater selectivity than compared to SDS micelles.   
 
Additionally, there have been studies in solvent-modified micellar electrokinetic 
chromatography.  Solvent-modified, or ―swollen‖, micelles are another surfactant-based 
PSP, where co-surfactant, typically a short-chained alcohol, is added to the surfactant 
solution but yet, oil is not (as seen in microemulsions).  These PSPs have similar 
properties to both micelles and microemulsions. 
 
1.10 Chiral Pseudostationary Phases 
Chiral separations are an interesting and new addition to the types of separation that can 
be performed through electrokinetic chromatography.  The first type of chiral EKC was 
done by employing a natural chiral surfactant: bile salts.  Terabe et al. [32] first 
introduced chiral MEKC in 1989, using sodium cholate, taurocholate, dehydrocholate, 
taurolithocholate, deoxycholate, and taurodeoxycholate to separate racemic dansylated 
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amino acids.  They found that several of the dansylated DL-amino acid pairs were 
resolved, specifically using sodium taurodeoxycholate micelles under acidic conditions.   
 
Since then, there have been a variety of chiral PSPs and other additives that have been 
used for chiral enantioseparations.  In addition to natural surfactants, there are synthetic 
chiral surfactants that have been used, one of which is N-dodecanoylvaline.  Synthesized 
and investigated by Dobashi et al. in 1989 [33, 34], it was the first reported use of 
synthesized chiral surfactant for micellar EKC.  Since then, Mazzeo et al. [35] also 
reported the synthesis of another chiral surfactant, N-dodecoxycarbonylvaline (DDCV).  
DDCV was first synthesized by Mazzeo et al. in 1994, and reported higher efficiencies in 
most of the analytes over N-dodecanoylvaline.  DDCV has been used extensively in our 
lab to investigate enantioseparations of various analytes in various modes of EKC, such 
as micellar and microemulsion EKC.  Some of the research using DDCV will be 
described in future chapters. 
 
In addition to natural and synthetic surfactants, polymeric surfactants have also been 
employed in chiral electrokinetic chromatography.  Polymeric micelles have some 
advantages over traditional surfactant-based micelles: enhanced stability and rigidity, and 
micelle size is controllable.  The first reported synthesis and use of polymeric chiral 
surfactants was by Wang and Warner [36], where the polymer, poly (sodium N-
undecanoyl-L-valinate) (poly L-SUV), along with its non-polymeric counterpart, sodium 
N-undecanoyl-L-valinate (L-SUV), were used for the chiral separation of 1,1’-
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binaphthyl-2,2’diol (BOH).  Under the same experimental conditions (0.5% w/v 
surfactant in 25 mM borate buffer, pH 9, 12 kV applied voltage), the polymeric micelles 
obtained baseline resolution whereas the traditional micelles did not.  The authors did 
mention that the concentration used was below the CMC of non-polymer version of the 
surfactant, and so a concentration of 1.0 % (w/v) of the surfactant was used to achieve 
enantioseparation.   Although using both poly L-SUV and L-SUV could be used to 
achieve chiral separation, the efficiency was remarkably higher when the polymeric 
chiral surfactant was used (Figure 1.8).   The difference in efficiency can be explained: 
the dynamic association-dissociation of monomers in solution.  In conventional micellar 
systems, the monomers readily form micelles and fall back to their original state in the 
bulk solution, whereas polymeric micelles do not participate in this equilibrium.  Another 
type of additive is the cyclic oligosaccharides known as cyclodextrins (CDs), which are 
different from the previous aggregates.  CDs do not have a chiral functionality like 
surfactants, however, in CD- EKC, analytes form inclusion complexes with CDs.  
Separation is based on enantiomeric differences in  binding affinity with the CD, and also 
on differences in the mobility of the analyte-CD complex.  There are various methods to 
using CDs, including the use of charged CDs, derivatized CDs, and mixed CD-surfactant 
separations [37].   
 
Another type of inclusion-type selector for chiral separations are the crown ethers.  The 
mechanism here is described similarly to CDs-inclusion complex.  Crown ethers are 
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Figure 1.8. Separation of 1,1’-binaphthyl-2,2’diol (BOH). 
A: 0.5% w/v poly-L-SUV; B: 0.5% w/v L-SUV; C: 1.0 % w/v L-SUV.  Conditions: 25 
mM borate buffer, pH 9, 12 kV [38]. 
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cyclic polyethers, forming a cavity that complexes very well with potassium ion, 
ammonium ion, and primary amines.  Enantiomers with a primary amine functional 
group are typically the solutes analyzed using CD-EKC.  The separation mechanism is 
based on two factors: hydrogen bonding of the analyte’s primary amines with the 
oxygens of the crown ether; and binding affinities of functional groups of both the crown 
ether and analyte  [39]. 
 
 
1.11 Research Directions 
The research reported here within involves the investigation of several chiral PSPs that 
use the surfactant N-dodecocycabonylvaline, including micelles, solvent-modified 
micelles, and microemulsions.  The impact of these PSPs on chromatographic figures of 
merit (CFOMs) for several pairs of enantiomers has been investigated.  Additionally, the 
synthesis of a novel chiral surfactant and the magnitude of the CFOMs achieved using 
micellar aggregates of this new surfactant will be described.   
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Chapter 2: Effect of Microemulsion Composition on Chiral Separations Using 
Microemulsion Electrokinetic Chromatography – Study of Chiral 
Surfactant and Chiral Oil 
 
 
 
2.1 Introduction 
Microemulsion electrokinetic chromatography (MEEKC) is one mode of EKC in which 
the pseudostationary phase is an ensemble of three components: surfactant, co-surfactant, 
and a core comprised of either oil or water.  The core is dependent upon the nature of the 
bulk phase—if the solvent is water, then the core of the microemulsion (ME) is an oil, 
and if the solvent is mostly nonpolar, then the core is water.  These two types of MEs are 
oil-in-water (o/w) and water-in-oil (w/o), respectively.  The co-surfactant in either case is 
typically a short or medium-chained alcohol that increases the stability of the ME by 
reducing the interfacial tension between water and oil phases.  In addition, the surfactant 
used may be neutral, anionic, cationic, or zwitterionic, but the more commonly used 
surfactants are anionic so that the ME will be counter-electroosmotic under normal 
conditions [1].    
 
MEEKC, specifically employing o/w microemulsions, is useful for the separation of 
hydrophobic compounds due to the ease of mass transfer between the bulk phase and the 
oil core.  Similarly to micellar electrokinetic chromatography (MEKC), surfactant 
monomers will form micelles above the critical micelle concentration (CMC).  As 
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previously mentioned, the co-surfactant reduces the surface tension, which gives rise to 
solubilization of both hydrophobic and hydrophilic analytes.  In addition to the increase 
on solubility of analytes, MEEKC provides a larger elution window thus allowing for 
improvement in resolution [1-3].   
 
When employing a pseudostationary phase (PSP) such as a microemulsion, the separation 
mechanism is based on differences in the analytes’ electrophoretic mobilities and 
interactions with the counter-electroosmotic PSP (Figure 2.1).  In the case of o/w 
microemulsions, hydrophobic analytes will spend more time in the oil core, taking more 
time to migrate past the detector.  As for hydrophilic analytes, they will spend more time 
in the aqueous phase and will move faster past the detector than hydrophobic compounds.  
Anionic analytes will have very little or no affinity for the typical anionic microemulsion 
due to charge repulsion.  Hence, the separation mechanism is based more on differences 
in their electrophoretic mobility.  The separation mechanism of cationic analytes is more 
complex, due to the possibility of ion-pairing between cationic analyte and anionic free 
surfactant monomers.  In addition, the ion-pairs can distribute to the microemulsion core, 
causing the retention of cations to be unpredictable [3].   
 
In previous studies within our group, dual chirality microemulsions have been prepared, 
containing a chiral surfactant, achiral co-surfactant, and chiral oil [4, 5].  The surfactant 
used was DDCV, co-surfactant was 2-hexanol, and the oil was either dibutyl tartrate or 
diethyl tartrate.  Other oils have been used by our group, but the two of interest in regards  
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Figure 2.1. Schematic presentation of MEEKC [3].  
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to this chapter are the two mentioned previously.  Kahle and Foley [5] have determined 
that with equimolar concentration of diethyl tartrate and dibutyl tartrate, DBT 
microemulsions had higher efficiencies but lower resolution and enantioselectivity.   
With equimolar concentrations, DBT microemulsions contained more oil, volume-wise 
than DET microemulsions (1.23% and 0.88% v/v, respectively).  In this study, it was 
anticipated that an equal volume of DET to that of DBT would yield higher efficiencies, 
and possibly lower resolution and enantioselectivities as compared to the lower volume 
percentage of DET previously studied.  The previous chromatographic figures of merit 
obtained with 0.88% DET will be compared to those obtained in this study, which uses 
1.23% (v/v) DET.  The enantiomeric analytes of interests in both this research and the 
previous study to which these results will be compared are as follows: ephedrine, 
pseudoephedrine, N-methylephedrine, metoprolol, synephrine, and atenolol (Figure 2.2).   
 
 
2.2 Materials and Methods 
2.2.1 Instrumentation 
Separations were performed on an Agilent 
3D
CE instrument, model G1600AX, equipped 
with a UV diode array detector monitoring at 200, 215, 236, 246, and 254 nm (Agilent 
Technologies, Waldbronn, Germany), although monitoring at 215 and 236 nm would 
have been sufficient since all analytes have a chromophore at 215 nm and alkylphenones 
at 236 nm.  ChemStation software, revisions A.08.03 and A.09.01, was used to collect 
and analyze data.  Fused silica capillaries were employed (Polymicro Technologies,  
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Figure 2.2: Enantiomeric compounds of interest. 
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Phoenix, AZ, USA), with the following dimensions: 50 m ID, 365 m OD, 32 cm total 
length, 23.6 cm effective length.   Although the total length of the capillary was 32 cm, 
23.6 cm is the distance between the inlet end of the capillary to the detector window, 
created for UV detection by burning off a narrow band of polyimide coating.  New 
capillaries were conditioned by flushing with HPLC-grade water for 10 min, 1 M 
tetrapropylammonium hydroxide (TPAH) for 10 min, 0.1 M TPAH for 5 min, HPLC-
grade water for 3 min, and the appropriate microemulsion for 15 min.  The cartridge 
temperature was maintained at 25ºC and the autosampler was at ambient temperature (20-
23 °C).  All experiments used an applied voltage of 11.5 kV, with a voltage ramp of 0.3 
min at the onset of each separation to avoid Joule-heating induced thermal expulsion of 
the sample.  Injection of samples was performed hydrodynamically at 25 mbar for 2 s, 
flushing with microemulsion for 2 min between injections.  Prior to a new analysis, 
capillaries were flushed with HPLC-grade water for 10 min, 0.1 M TPAH for 10 min, 
HPLC-grade water for 3 min, and microemulsion for 15 min.  
 
For viscosity corrections, a narrow zone of isopropanol was pushed through a 
conditioned capillary using 50 mbar of pressure and no voltage for both CZE and 
MEEKC buffers.  The ratio of the time required for the IPA zone to travel past the 
detector window using CZE and EKC buffers is inversely proportional to their viscosity 
ratios.   
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2.2.2 Reagents 
Dodecoxycarbonylvaline (DDCV), marketed under the name Enantioselect™, was 
provided by Waters Corporation (Milford, MA, USA).  Ephedrine, pseudoephedrine, N-
methyl ephedrine, atenolol, metoprolol, synephrine, TPAH, diethyl-L-tartrate, and 
octanophenone were purchased from SigmaAldrich (St. Louis, MO, USA).  Racemic-2-
hexanol and diethyl-D-tartrate were purchased from Alfa Aesar (Ward Hill, MA, USA).  
Sodium phosphate monobasic monohydrate and methanol were purchased from J.T. 
Baker (Phillipsburg, NJ, USA) and Fisher (Pittsburgh, PA, USA), respectively. 
 
2.2.3 Microemulsion and Sample Preparation 
For each microemulsion, the appropriate amount of DDCV (R, S, or racemic; 2.0 %; 60.7 
mM) and NaH2PO4•H2O (50 mM) were weighed and then dissolved in water from a 
Barnstead Nanopure Water System (Dubuque, IA, USA), equivalent to approximately 
three-quarters of the final volume.  TPAH (1.0M) was added until the pH was above 6.5 
to ensure the dissolution of DDCV.  Once all surfactant was dissolved, the pH was 
adjusted to 7.0 with 1.0 M TPAH.  Racemic 2-hexanol (1.65% v/v; 131 mM) and diethyl 
tartrate (D, L, or racemic; 1.23% v/v; 71.6 mM) were then added, followed by sonication, 
while covered, for approximately 60 min to ensure the solution was transparent with no 
visible oil droplets.  Microemulsion solutions were then diluted to their final volume,  
mixed, and allowed to stand for at least 1 hr prior to use.  Microemulsions were filtered 
with a nylon or hydrophilic polypropylene (GHP) 0.45 m syringe filter before use.   
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All pairs of analyte enantiomers were prepared at a total concentration of 0.5 mg/mL in 
microemulsion to which 3 drops of methanol per mL of microemulsion was added to 
serve as a t0 marker.  Octanophenone has been shown to be a good tme marker and 
therefore was used to determine the migration time of the microemulsion [6]; its 
concentration was 0.35 L octanophenone per mL of microemulsion.   
 
2.3 Calculations 
Chiral separations were analyzed in terms of peak efficiency (N), resolution (Rs), 
retention factor (k) and enantioselectivity (enant).  Both resolution and efficiency were 
calculated using the half-height equations provided by the ChemStation software, when 
resolution was incomplete. In analyses with baseline resolution or better, statistical 
moments or the Foley-Dorsey equation was used [7].  Resolution and efficiency via 
statistical moments was provided by ChemStation software, and the Foley-Dorsey 
equation uses peak width and asymmetry factor at 10%.  Details of the calculations 
performed can be found in Chapter 1.  
 
2.4 Results and Discussions 
In previous studies, microemulsions consisting of 2.0% DDCV, 1.65% 2-hexanol, and 
1.23% dibutyl tartrate (surfactant, co-surfactant, and oil, respectively) provided 
separations of the six enantiomeric pairs with higher efficiencies but lower resolution and 
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enantioselectivity as compared to separations employing 2.0% DDCV, 1.65% 2-hexanol, 
and an equimolar concentration (0.88%) of diethyl tartrate.  The chromatographic figures 
of merit calculated based on the microemulsions prepared here, consisting of 2.0% 
DDCV, racemic 1.65% 2-hexanol, and an equal volume percentage (1.23%) of diethyl 
tartrate, were directly compared to microemulsions previously prepared with 0.88% (v/v) 
diethyl tartrate.  All microemulsions were prepared in a 50 mM phosphate buffer 
solution, pH 7.0.   
 
For simplification, all microemulsions were abbreviated using a three-letter code that 
indicates the stereochemistry of (i) the surfactant (first letter); (ii) the co-surfactant 
(second letter); and (iii) the oil (third letter).  In the case of the co-surfactant, this 
component was always achiral, which is denoted by using the letter X.  For clarification, 
in previous papers, the D or L configuration of the oil was denoted by using S or R, 
respectively.  Single chirality systems were also investigated.   
 
A microemulsion was prepared using chiral surfactant, achiral co-surfactant and achiral 
oil, labeled as RXX.  This particular microemulsion was able to separate all enantiomeric 
pairs with the exception of atenolol.  Another single-chirality microemulsion was 
prepared, using achiral surfactant, achiral co-surfactant, and a chiral oil.  For all 
enantiomeric pairs, chiral separation was not possible.  All two-component chirality 
microemulsions were capable of enantiomeric separation (chiral co-surfactant and chiral 
oil microemulsions were not investigated).   
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As compared to microemulsions prepared with 2% DDCV, 1.65% 2-hexanol, and 0.88% 
diethyl tartrate, microemulsions of the same composition except for the concentration of 
diethyl tartrate (1.23%) did not fair very well.  With a lower percentage of DET (0.88%), 
the efficiency of all compounds with the exception of atenolol was better (Table 2.1).  
Within the microemulsions studies here, the RXD dual-chiral component microemulsion 
provided the highest overall average for efficiency, although the single-chirality 
microemulsion (RXX) provided the highest overall efficiency.  With the exception of 
atenolol and synephrine, microemulsions with 0.88% DET provided slightly higher 
enantioresolution (Table 2.2).  In several cases, microemulsions containing 1.23% DET 
did provide higher enantioresolution for metoprolol.  It seems that in both types of 
microemulsions (both 0.88% and 1.23% v/v DET), microemulsions containing diethyl-L-
tartrate provided better resolution than their diethyl-D-tartrate-containing microemulsion 
counterparts.  This held true for enantioresolution of ephedrine, pseudoephedrine, and N-
methylephedrine.  In regards to enantioselectivity, microemulsions with 1.23% DET 
fared slightly better than separations using microemulsions containing 0.88% DET (Table 
2.3).  Enantioselectivity for any given compound typically remained constant for any of 
the five microemulsion compositions within the same v/v DET microemulsions. 
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Table 2.1.  Comparison of efficiencies provided by microemulsions comprised of 2% R-
DDCV, 1.65% racemic 2-hexanol, and the specified concentration of DET: 
 
1.23% diethyl tartrate 
Analyte\ME RXD RXL SXD SXL RXX 
Compound 
Average 
Ephedrine 75000 58000 62000 62000 74000 66000 
Pseudoephedrine 46000 49000 47000 44000 54000 48000 
N-methylephedrine 46000 48000 47000 48000 55000 47000 
Atenolol 292000 292000 243000 281000 n/a 277000 
Metoprolol 75000 79000 68000 71000 86000 74000 
Synephrine 84000 78000 78000 79000 80000 79000 
Microemulsion Average
a 
65000 62000 60000 61000 70000  
 
0.88% diethyl tartrate 
Analyte\ME RXD RXL SXD SXL RXX 
Compound 
Average 
Ephedrine 93000 93000 75000 81000 87000 86000 
Pseudoephedrine 81000 72000 70000 85000 72000 76000 
N-methylephedrine 97000 95000 77000 81000 86000 87000 
Atenolol 111000 95000 91000 115000 126000 103000 
Metoprolol 118000 115000 105000 90000 99000 150000 
Synephrine 83000 82000 80000 68000 80000 79000 
Microemulsion Average
a
 94000 91000 81000 81000 85000  
 
a) The microemulsion average does not include the efficiency for atenolol 
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2.5 Concluding Remarks 
Numerous combinations of one-, two-, and three-chiral-component microemulsions have 
been previously investigated, using dodecoxycarbonylvaline (DDCV; R, S, or racemic), 
racemic 2-hexanol, and dibutyl tartrate (D, L, or racemic) or diethyl tartrate (D, L, or 
racemic), with effective chromatographic figures of merit [4, 5, 8-10].  However, when 
microemulsions formulated with equimolar concentrations of dibutyl tartrate and diethyl 
tartrate (DET) are compared (lower volume percentage of DET), the efficiency observed 
with DET was significantly lower.  This study investigated new formulations of DDCV-
2-hexanol-DET microemulsions with the objective of improving the efficiency without 
compromising other chromatographic figures of merit, such as enantioselectivity, elution 
range, and resolution.  The first formulation tested employed an equal volume percentage 
of diethyl tartrate as previously formulated with dibutyl tartrate rather than an equimolar 
concentration.  Results were reported for six pairs of pharmaceutical enantiomers: 
ephedrine, pseudoephedrine, N-methylephedrine, metoprolol, synephrine, and atenolol. 
 
The thought here was that a higher amount of diethyl tartrate in the same dual-chirality 
microemulsions previously prepared would yield higher efficiencies, albeit at the expense 
resolution and enantioselectivity.  Higher efficiencies, with lower resolution and 
enantioselectivity were observed in dual-chirality microemulsions using dibutyl tartrate  
(1.23% v/v) when compared to microemulsions containing equimolar concentrations 
(51.2 mM) of diethyl tartrate (0.88% v/v).  Yet, the higher efficiency and lower resolution 
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Table 2.2. Comparison of resolutions provided by microemulsions comprised of 2% R-
DDCV, 1.65% racemic 2-hexanol, and the specified concentration of DET: 
  
1.23% diethyl tartrate 
Analyte\ME RXD RXL SXD SXL RXX 
Compound 
Average 
Ephedrine 2.06 2.05 1.97 2.09 2.08 2.05 
Pseudoephedrine 2.99 3.41 3.12 2.97 3.31 3.16 
N-methylephedrine 1.82 2.06 1.63 2.10 2.04 1.93 
Atenolol 1.14 1.31 1.27 1.23 n/a 1.24 
Metoprolol 1.62 1.76 1.39 1.78 1.83 1.68 
Synephrine 1.30 1.35 1.17 1.21 1.20 1.25 
 
 
0.88% diethyl tartrate 
Analyte\ME RXD RXL SXD SXL RXX 
Compound 
Average 
Ephedrine 2.04 2.26 2.20 2.24 2.23 2.19 
Pseudoephedrine 3.56 3.57 3.53 3.56 3.48 3.54 
N-methylephedrine 2.16 2.17 2.18 2.24 2.17 2.18 
Atenolol 0.53 0.61 0.65 0.62 0.59 0.60 
Metoprolol 1.76 1.63 2.00 1.65 1.59 1.73 
Synephrine 1.03 0.98 1.15 0.95 0.94 1.01 
 
 
52 
 
Table 2.3. Comparison of enantioselectivities provided by microemulsions comprised of 
2% R-DDCV, 1.65% racemic 2-hexanol, and the specified concentration of DET: 
 
1.23% diethyl tartrate 
Analyte\ME RXD RXL SXD SXL RXX 
Compound 
Average 
Ephedrine 1.10 1.07 1.07 1.08 1.08 1.08 
Pseudoephedrine 1.14 1.16 1.17 1.14 1.14 1.15 
N-methylephedrine 1.08 1.08 1.08 1.09 1.08 1.08 
Atenolol 1.03 1.03 1.04 1.03 n/a 1.03 
Metoprolol 1.06 1.06 1.07 1.06 1.05 1.06 
Synephrine 1.07 1.06 1.05 1.06 1.07 1.06 
 
0.88% diethyl tartrate 
Analyte\ME RXD RXL SXD SXL RXX 
Compound 
Average 
Ephedrine 1.07 1.08 1.08 1.08 1.08 1.08 
Pseudoephedrine 1.14 1.14 1.14 1.14 1.14 1.14 
N-methylephedrine 1.08 1.08 1.08 1.08 1.08 1.08 
Atenolol 1.02 1.02 1.03 1.02 1.02 1.02 
Metoprolol 1.06 1.05 1.06 1.05 1.05 1.05 
Synephrine 1.05 1.05 1.06 1.05 1.05 1.05 
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and enantioselectivity were not observed in the microemulsions containing 1.23% (v/v) 
DET presented here.  In this study, the efficiency and resolution for most of the 
enantioseparations was worse than the microemulsions containing 0.88% DET.  Also, 
enantioselectivity was only marginally better with the higher percentage of DET.  Future 
direction would be to possibly experiment with other formulations of microemulsions, 
and test enantiomeric pairs other than cationic pharmaceuticals.   
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Chapter 3: Effect of Microemulsion Component Purity on the Chromatographic 
Figures of Merit in Chiral Microemulsion Electrokinetic 
Chromatography 
 
 
3.1 Introduction 
Electrokinetic chromatography (EKC) has been proven to be a useful tool in order to 
separate charged, neutral, and neutral and/or charged chiral species with short run times, 
high efficiencies and excellent resolution.  EKC differs from capillary electrophoresis 
(CZE) in that a pseudostationary phase (PSP) is employed in order to separate analytes, 
providing selectivity that is not achievable in CZE [1].  A variety of additives may be 
used as the PSP.  Some examples are surfactants to form micelles, cyclodextrins (CDs), 
crown ethers, and polymers.  In order to achieve chiral separations, a chiral additive or 
PSP must be utilized [2-4].   
 
Oil-in-water microemulsions can be employed as a PSP, and are particularly useful for 
the separation of achiral and chiral analytes that have limited water solubility.  
Microemulsions are spherical aggregates comprised of a surfactant, co-surfactant, and an 
oil, and can be prepared with one or more chiral constituents in order to separate 
enantiomers of pharmaceutical and other compounds.  The co-surfactant and oil that are 
employed as microemulsions are typically a short-chain alcohol and a hydrocarbon (or 
other water immiscible liquid), respectively [5].  Compared to micelles, microemulsions 
have some interesting properties.  Microemulsions are slightly larger than micelles and 
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are less rigid.  The three components of a microemulsion allows for variability to 
optimize separations.  Due to their hydrophobic core, oil-in-water microemulsions allow 
for the solubilization of hydrophobic analytes [6-9].   
 
In some of the previous studies in our group [10-20], investigations using PSPs that 
contained DDCV suggested the presence of impurities in the enantiomeric forms of the 
surfactant.  Mazzeo et al., who have developed the chiral surfactant, have studied the 
enantioselectivity of DDCV micelles at various ratios of the (R) and (S) enantiomers [21].  
We have employed this approach here to investigate possible impurities in our current 
supply of R- and S-DDCV and its effect on chromatographic figures of merit (CFOMs) 
achieved with chiral microemulsions.  Microemulsions have been prepared using 2.0% 
w/v DDCV, 1.65% v/v racemic 2-hexanol, and 1.23% v/v racemic diethyl tartrate.  The 
ratio of (R):(S) DDCV has been varied between 0 and 100% in order to determine the 
change in enantioselectivity, resolution, efficiency, and retention between corresponding 
ratios.  The two analytes of interest are ephedrine and pseudoephdrine since each have 
good resolution with the current conditions, using either 100% (R)-DDCV or 100% (S)-
DDCV.  Surfactant purity between the (R) and (S) forms has also been investigated 
through polarimetry and fast atom bombardment mass spectrometry (FAB-MS) 
experiments. 
 
3.2  Materials and Methods 
3.2.1 Instrumentation 
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Separations were performed on an Agilent 
3D
CE instrument, model G1600AX, equipped 
with a UV diode array detector monitoring at 200, 215, 236, 246, and 254 nm (Agilent 
Technologies, Waldbronn, Germany) although monitoring at 215 nm would have been 
sufficient since both ephedrine and pseudoephedrine have a chromophore at 215 nm.  
ChemStation software, revisions A.08.03 and A.09.01, was used to collect and analyze 
data.  Fused silica capillaries (Polymicro, Technologies, Phoenix, AZ, USA) with the 
following dimensions were employed: 50 m ID, 365 m OD, 32 cm total length, 23.6 
cm effective length, with a window burned for UV detection.   New capillaries were 
conditioned by flushing with HPLC-grade water for 10 min, 1 M tetrapropylammonium 
hydroxide (TPAH) for 10 min, 0.1 M TPAH for 5 min, HPLC-grade water for 3 min, and 
appropriate microemulsion for 15 min.  Flushing with TPAH activates the surface 
silanols within the interior of the capillary by removing protons of the hydroxyl group 
and exposing negative charges.  The cartridge temperature was maintained at 25ºC and 
the autosampler at ambient temperature.  All experiments used an applied voltage of 11.5 
kV, with a voltage ramp of 0.3 min at the onset of each separation.  Samples were 
injected hydrodynamically at 25 mbar for 2 s, flushing the capillary with microemulsion 
for 2 min between injections.  Prior to a new analysis, capillaries were flushed with the 
same washing conditions as aforementioned.  
 
For viscosity corrections, the migration time from the capillary inlet to the detector 
window of a plug of isopropanol introduced hydrodynamically (2s at 25 mbar) was 
measured in quadruplicate under pressure-driven flow conditions (50 mbar, no applied 
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voltage) in the presence of CZE and microemulsion electrokinetic chromatography 
(MEEKC) buffers. 
 
3.2.2 Reagents 
Dodecoxycarbonylvaline (DDCV), marketed under the name Enantioselect, was provided 
by Waters (Milford, MA, USA).  Ephedrine, pseudoephedrine, TPAH, diethyl-L-tartrate, 
and octanophenone were purchased from SigmaAldrich (St. Louis, MO, USA).  
Racemic-2-hexanol and diethyl-D-tartrate were purchased from Alfa Aesar (Ward Hill, 
MA, USA).  Sodium phosphate monobasic monohydrate and methanol were purchased 
from J.T. Baker (Phillipsburg, NJ, USA) and Fisher (Pittsburgh, PA, USA), respectively. 
 
3.2.3 Microemulsion and Sample Preparation 
For each microemulsion, the appropriate amount of DDCV (R, S, or racemic; 2.0%; 60.7 
mM) and NaH2PO4•H2O (50 mM) were weighed, and then dissolved in water from a 
Barnstead Nanopure Water System (Dubuque, IA, USA), equivalent to approximately 
three-quarters of the final volume.  1.0 M TPAH was added until the pH was above 6.5 to 
ensure the dissolution of DDCV.  Once all surfactant dissolved, the pH was adjusted to 
7.0 with 1.0 M TPAH.  Racemic 2-hexanol (1.65% v/v; 131 mM) and racemic diethyl 
tartrate (prepared by adding equal volumes of D and L; 1.23% v/v; 71.6 mM) were then 
added, followed by sonication, while covered, for approximately 60 min to ensure 
solution is transparent with no visible oil droplets.  Microemulsion solutions were then 
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diluted to their final volume, mixed, and allowed to stand for at least 1 h prior to use.  
Microemulsions were filtered with a 0.45 m syringe filter before use.   
 
Enantiomeric pairs of ephedrine and pseudoephedrine were prepared at a total 
concentration of 0.5 mg/mL in microemulsion to which 3 drops of methanol per mL 
microemulsion was added to serve as a t0 marker.  Octanophenone has been shown to 
provide a reliable estimate for the migration time of the microemulsion, tme[18], and was 
also used in this study for that purpose at a concentration of 0.35 L/mL in the sample, 
using a small amount of methanol as a t0 marker.   
 
3.3 Calculations 
Chiral separations were analyzed in terms of plate count (N), resolution (Rs), retention 
factor (k) and enantioselctivity (enant).  Both resolution and efficiency were calculated 
using the half-height equations provided by the ChemStation software, if resolution was 
less than baseline (Rs < 1.5). In analyses with baseline resolution or better (Rs ≥ 1.5), 
statistical moments or the Foley-Dorsey equation was used [22].  For separations which 
did not achieve baseline resolution, the equation for the efficiency based on the width at 
half height was used.  Statistical moments and half width resolution and efficiency were 
provided by ChemStation software, and the Foley-Dorsey equation uses peak width and 
asymmetry factor at 10%.  The details of the calculations performed can be found in 
Chapter 1.  
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3.4 Results and Discussion 
The chromatographic figures of merit were calculated for the microemulsions consisting 
of 2.0% DDCV, 1.65% racemic 2-hexanol, and 1.23% racemic diethyl tartrate, varying 
the ratio of (R):(S) DDCV.  All microemulsions were prepared in a 50 mM phosphate 
buffer solution, pH 7.0.  The microemulsions prepared contained various mass (mole) 
ratios of (R):(S) DDCV: 100:0, 85:15, 65:35, 50:50, 35:65, 15:85, and 0:100.  For 
simplicity, all microemulsions have been specified by the nominal percentage of R-
DDCV.  For example, 35% indicates a ratio of 35:65 (R):(S) DDCV.   
 
3.4.1 Evaluation of Chiral Purity via Enantioselectivity 
Enantioselectivities for both pairs of chiral analytes for the various ratios of (R) and (S) 
surfactant are compared in Table 3.1, whose values are reproducible to ± 0.002.  
Although Mazzeo et al. [21] used this method to investigate the chiral recognition 
process, our purpose for comparing 's at various ratios was to investigate surfactant 
purity.  Comparing 100 % (R) to 100% (S) surfactant and so on, it is clear that for a given 
nominal percentage of surfactant,  is slightly lower with (R) surfactant than (S) 
surfactant.  This indicates that the (R) surfactant was more impure than the (S) 
enantiomer (Figure 3.1).  If we assume that the (S) surfactant is 100% pure, we can 
predict the enantioselectivity that would be obtained with pure R-DDCV using the 
following equation: 
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Figure 3.1. Change in enantioselectivity for microemulsions contained various ratios of 
R and S surfactant. 
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expect    1121max  actR    (8) 
 
where expect is the expected enantioselectivity and max is the enantioselectivity obtained 
using 100% of the more pure surfactant (S-DCCV).  The Ract value reflects an actual  
percentage of R-DDCV compared to the nominal value.  For example, if it is assumed 
that there contains a 2.25% impurity of (S) in (R) surfactant, then for 100% R-DDCV 
microemulsions, a value of 0.9775 is entered for Ract in the above equation.  expect is then 
compared to (S) surfactant to see if this value is similar to  for 100% S-DDCV.  In our 
case, we have determined that there is a 2.5-3.5% impurity in R-DDCV using this 
method.  That is not to say that S-DDCV is totally pure; the above calculation merely 
tells us that R-DDCV is 3.5% more impure than its S enantiomer.  The above calculation 
can also be used to correct the enantioselectivity for the more impure surfactant.  
Racemic DDCV (50:50) did not provide enantiomeric separation.  However, shouldering 
of peaks for both ephedrine and pseudoephedrine was observed.  Although peak 
shouldering indicates only a slight separation, it is consistent with the notion that the 
microemulsion comprised of racemic surfactant was not exactly a 50:50 mixture, due to a 
greater chiral impurity in R-DDCV. 
 
3.4.2 Evaluation of Chiral Purity via Polarimetry 
Another method of determining impurity is by use of a polarimeter.  Since the specific 
rotation of pure DDCV is not known, we cannot determine the purity of each DDCV  
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Table 3.1.  Enantioselectivity for microemulsions of various ratios of (R):(S) DDCV             
 
% (R)  Ephedrine Pseudoephedrine 
100 1.078 1.141 
85 1.055 1.100 
65 1.021 1.042 
50 < 1.02 < 1.02 
35 1.023 1.044 
15 1.057 1.104 
0 1.081 1.146 
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Table 3.2. Optical and specific rotation for R and S-DDCV 
 
Surfactant Optical 
Rotation
a)
 
Specific 
Rotation 
R-DDCV + 0.146 + 7.30 
S-DDCV - 0.157 - 7.85 
a) Optical rotation was determined at 589 nm 
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enantiomer.  However, the purity relative to each surfactant enantiomer can be 
determined by comparison of specific rotation:   
 
[],expect =     100/%21max, impurity   (9) 
 
Again, an assumption can be made to the percentage of impurity that exists (%impurity).    
[],max  is the specific rotation of the more pure enantiomer.  Again, the specific rotation 
indicated that the (S) surfactant was more pure than the (R) enantiomer (Table 3.2).  
Using a polarimeter (Perkin-Elmer, Model 343, Waltham, MA, USA), our results 
indicated that R-DDCV is 3.25-3.5% more impure than (S), consistent with the  
enantioselectivity results of the previous method.   
 
3.4.3 Evaluation of Impurities via FAB-MS 
Each enantiomer of DDCV was analyzed using a fast atom bombardment mass 
spectrometry (FAB-MS), VG Analytical, model 70-SE, using cesium ions for 
bombardment (VG Analytical, Manchester, UK).  The matrix used was 3-nitrobenzyl 
alcohol and the samples were dissolved in methanol.  After examination of the spectra, it 
was determined that the (R) surfactant contained more valine, a starting material used in 
the synthesis.  Also, R-DDCV contained significantly more sodium impurity, which is 
also a suspected contaminant of the synthesis.  Another explanation for the presence of 
achiral impurities is the handling of the surfactants.  Since a minute quantity of surfactant 
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is necessary for the preparation of a PSP and a significant amount was obtained initially, 
then the surfactant could have attained impurities over time.  Plasticizers from the 
container the surfactant was enclosed within may have leached out.  Mishandling of the 
surfactant by a researcher is also a possibility.  Without knowledge of the identity of the 
minor peaks from the FAB-MS analysis, it is difficult to determine all the impurities 
present in the surfactants.   
 
3.4.4 Effect of surfactant purity and composition on CFOMs 
Besides enantioselectivity, which would obviously depend on the relative amounts of R- 
and S-DDCV, the effect on other CFOMs has also been investigated for the various 
microemulsions.  Results for the elution range (migration window) are reported in Table 
3.3, whereas compound-dependent CFOMs (efficiency, retention, and resolution) are 
reported in Tables 4 and 5 for ephedrine and pseudoephedrine, respectively.   
 
Inspection of the elution ranges (migration windows) in Table 3 for the microemulsions 
comprised of various ratios of R- and S-DDCV reveal no significant trends, with only a 
10% difference between the lowest and highest elution ranges.  Similarly, only a small 
difference (< 7.8 %) in k for ephedrine and pseudoephedrine was observed among the 
various microemulsions in Tables 3.4 and 3.5, respectively. 
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Table 3.3. Elution range (migration window) for the various microemulsions 
 
% R-DDCV Elution Range 
100 4.87 
85 4.47 
65 4.72 
35 4.60 
15 4.82 
0 4.93 
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Table 3.4. Efficiency, retention, and resolution for ephedrine 
 
% R-DDCV N
a 
k
a 
Rs 
100 44700 1.69 1.78 
85 48500 1.73 1.275 
65 59000 1.65 0.49 
35 61700 1.65 0.49 
15 58300 1.60 1.37 
0 55400 1.73 2.025 
a) Arithmetic mean for both enantiomers 
 
 
Table 3.5. Efficiency, retention, and resolution for pseudoephedrine 
 
% R-DDCV N
a 
k
a 
Rs 
100 22100 1.64 2.13 
85 30400 1.65 1.67 
65 37000 1.66 0.86 
35 45900 1.58 0.87 
15 41200 1.55 1.73 
0 34300 1.68 2.67 
a) Arithmetic mean for both enantiomers 
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In contrast to the lack of effect of the chiral surfactant composition on the elution range 
and retention (k), slight to significant trends were observed respectively for efficiency (N) 
and resolution (Rs), where the efficiency reported is the average for the enantiomers.  
Since separation was not achieved with 50:50 (R):(S) DDCV, those efficiencies and 
resolution were not reported.    
 
With respect to efficiency, two slight trends were observed for both ephedrine and 
pseudoephedrine that merit further contemplation: the more impure surfactant produced 
lower efficiencies.  Consistently, comparison of the corresponding ratios of R and S- 
DDCV yielded larger N when more or all S surfactant was used.  For example, when 
comparing microemulsions of 85% R and 85% S in pseudoephedrine, plates obtained 
were 30400 and 41200, respectively.  The efficiency trend indicated that as the mixture of 
R and S-DDCV approached 50/50, the efficiency peaked.  As the chiral analyte interacted 
with the microemulsion, there is little discrimination between the enantiomers, causingthe 
analyte to be less retained.  The lower retention causes the analytes to proceed through 
the capillary quicker and the peaks to be sharper.  Although neither ephedrine nor 
pseudoephedrine are baseline resolved for either 65 or 35% R-DDCV, the peaks were 
very sharp, causing the efficiency to be larger than 85 or 100% R or S surfactant (see 
Figure 3.2). 
 
With respect to resolution, obviously the greater the enantiomeric excess in a given PSP, 
the greater will be the enantioselectivity and resolution, since the differences in  
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Figure 3.2. Separation of pseudoephedrine. Microemulsion used for separation: 100% 
S-DCCV (top) and 65% S-DDCV (bottom).  
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efficiency, retention, and elution range were relatively minor.  Given that R-DDCV was 
determined to be less pure than S-DDCV, it is not surprising that a lower resolution was 
obtained with R-DDCV than S-DDCV for the same nominal percentage of surfactant.  
For example, Rs values of 1.67 and 1.73 were obtained for pseudoephedrine when 
comparing resolutions between microemulsions of 85% R and S-DDCV, respectively.  
The only case where resolutions were not distinctively higher in microemulsions that 
contained the larger amounts of (S) surfactant was the separation of ephedrine 
enantiomers using 65% surfactant.  For both 65% R and S-DDCV, the resolution was 
roughly the same: 0.494 vs. 0.493.  Since there is a large overlap of peaks, it is expected 
that enantiomeric separation is difficult to achieve and the resolutions to be 
comparatively low.  As for the resolution, as the progression from 100% to 50% R 
surfactant decreased, the enantiomeric peaks of both ephedrine and pseudoephedrine 
became one and some shouldering of one enantiomer had been visible.  As for the 
microemulsions of 100% to 50% S surfactant (or 0% to 50% R-DDCV), there was a 
similar trend and the resolution between enantiomers became smaller and the peaks 
moved towards one another, with shouldering of an enantiomer.  In general, the 
resolution for all the microemulsions with the larger percentages of S-DDCV had greater 
resolutions for their R-DDCV microemulsion counterparts.  Again, this increase in 
resolution for microemulsions which contained more S surfactant indicated the increase 
in purity.   
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3.5 Concluding Remarks 
Numerous combinations of one-, two-, and three-chiral-component microemulsions have 
been previously prepared in our group, using N-dodecoxycarbonylvaline (DDCV), 2-
hexanol, and ethyl acetate, dibutyl tartrate, or diethyl tartrate [10-21].  A few results of 
the various formulations investigated suggested the possible presence of minor impurities 
in one or more components of the microemulsion.  In this study, the purity of the current 
lots of R- and S- surfactant were measured, as was the subsequent effect of minor 
impurities on the relevant chromatographic figures of merit (CFOMs) that describe a 
chiral separation, i.e., efficiency, enantioselectivity, retention, migration window (elution 
range), and resolution.   
 
Three methods to determine impurity of a microemulsion component, specifically the 
surfactant, have been suggested and studied.  The same methods can be applied to the 
other components, the co-surfactant and oil.  CFOMs were calculated for various 
mixtures of R and S DDCV to study the effect of impurities on the separation of 
enantiomeric pairs.  The comparison of the corresponding formulations of R and S 
surfactant determined the relative percent impurity of one surfactant enantiomer over the 
other and calculations based on enantioselectivity allowed for a correction to be applied.  
Polarimetry experiments confirmed the difference in purity between R and S-DDCV.   
The specific rotation of each surfactant enantiomer allowed for determination of the 
amount of impurity difference.  FAB-MS indicated the presence of starting material from 
the surfactant synthesis.  Other sources of impurities are possibly due to the surfactant 
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obtaining contaminants from general handling in the lab, contributing to the small but 
noticeable changes to the CFOMs. Additional studies of the other microemulsion 
components would provide further details of the effect on CFOMs from impurities and 
allow for a correction to be made on the account of these contaminants.  
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Chapter 4: The Effect of Cosurfactant-Modified Micelles on Chiral Separations 
in Electrokinetic Chromatography 
 
 
4.1 Introduction 
Capillary zone electrophoresis (CZE) is a voltage-driven technique in which charged 
analytes are separated based on the analytes’ charge to frictional drag ratio.   Although 
neutral compounds can be separated from charged species, neutrals cannot be separated 
from one another using CZE, nor can charged enantiomers.  Both groups of compounds, 
however, may be resolved via the addition of a macromolecular interaction agent or 
pseudostationary phase (PSP) that adds a chromatographic separation mechanism to the 
electrophoretic mechanism already present; examples of such agents/PSPs include 
cyclodextrins; surfactant aggregates, such as micelles, microemulsions, liposomes, and 
vesicles; and polymers.  Electrokinetic chromatography (EKC), which employs such 
aggregates, was first introduced by Terabe et al. in 1984, where sodium dodecylsulfate 
(SDS) was employed in a micellar solution for the separation of phenols [1].  Several 
years later, Dobashi et al. synthesized sodium N-dodecanoyl-L-valinate (SDVal), using it 
in combination with SDS to achieve the enantiomeric separation of N-3, 5-
dinitrobenzoylated amino acid isopropyl esters [2, 3].  Solvent modified micellar EKC is 
one area of interest in which a modifier is added to improve the separation of analytes.  
Various groups have studied the impact of using ionic liquids or organic solvents in chiral 
MEKC in combination with polymeric-based surfactants[4, 5].  Chiral EKC without 
organic modifiers [6] has also been an area of interest and been used for various 
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enantioseparations, including various -blockers in our group.  Previous work in chiral 
EKC includes using dodecoxycarbonyl valine (DDCV), a chiral surfactant first 
synthesized by Mazzeo et al. [7], as the PSP for micellar and microemulsion EKC [6, 8-
19].  These studies include work on microemulsion electrokinetic chromatography 
(MEEKC) and alcohol-modified micellar EKC, which uses a chiral surfactant and achiral 
co-surfactant.  The alcohol-modified micelles, which are often referred to as 'swollen 
micelles' [20-22], have been investigated under various conditions to determine the 
impact of a medium-chained alcohol, 2-hexanol (both S and racemic), on the CFOMs 
without the presence of an oil, as in microemulsions.  The various experiments performed 
include increasing the concentration of surfactant S-DDCV while keeping 2-hexanol 
concentration constant; one set of these experiments contained chiral surfactant and 
racemic co-surfactant while the other set of experiments contained chiral surfactant and 
chiral co-surfactant.  Another set of experiments investigated the effect on 
enantioseparation when both chiral surfactant and chiral co-surfactant are increased 
proportionally (phase ratio increase). Some of the aforementioned experiments were 
compared to previously performed experiments in which DDCV was used in the 
formulation of chiral microemulsions in which DDCV and 2-hexanol were used in the 
microemulsion studies.  These 2-hexanol modified micelles were also compared to other 
micellar and microemulsion systems in which another modifier, butanol, was employed.  
Enantiomeric test solutes examined were ephedrine, pseudoephedrine, N-
methylephedrine, atenolol, metoprolol, and synephrine, some of which were used in the 
comparison studies.   
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4.2 Materials and Methods 
4.2.1 Instrumentation 
Separations were performed on an Agilent 
3D
CE instrument, model G1600AX, equipped 
with a UV diode array detector monitoring at 200, 215, 236, 246, and 254 nm (Agilent 
Technologies, Waldbronn, Germany) although monitoring at 215 and 236 nm would have 
been sufficient since all analytes have a chromophore at 215 nm and alkylphenones at 
236 nm.  ChemStation software, version B.03.02, was used to collect and analyze data.  
Capillaries used were fused silica, with the following dimensions: 50 m ID, 365 m 
OD, 32 cm total length, 23.6 cm effective length (Polymicro, Technologies, Phoenix, AZ, 
USA).  A window was burned in the capillary for UV detection.  New capillaries were 
conditioned by flushing with HPLC-grade water for 10 min, 1 M tetrapropylammonium 
hydroxide (TPAH) for 10 min, 0.1 M TPAH for 5 min, HPLC-grade water for 3 min, and 
appropriate swollen micelle solution for 15 min.  The cartridge temperature was 
maintained at 25ºC and the autosampler at ambient temperature.  The applied voltage was 
11.5 kV for experiments containing 2% surfactant; 11.0 kV for the experiments 
containing 3% surfactant; and 10.5 kV for experiments containing 4% surfactant.  The 
variation in applied voltage kept Joule heating to roughly 1.5 W/m.  Also, a voltage ramp 
of 0.3 min at the onset on each separation was employed.  Injection of samples was 
performed hydrodynamically at 25 mbar for 2 s, flushing with swollen micelle solution 
for 2 min between injections.  Prior to a new analysis, capillaries were flushed with 
HPLC-grade water for 10 min, 0.1 M TPAH for 10 min, HPLC-grade water for 3 min, 
and swollen micelle solution for 15 min.  
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For viscosity corrections, a plug of isopropanol was injected to a conditioned capillary.  
The plugs were injected using 50 mbar of pressure and no voltage for both CZE and EKC 
conditions. 
 
The critical micelle concentration (cmc) was also verified, using 1-phenyl-1,3-
butanedione.  Absorbance was monitored at two wavelengths, 237 nm and 320 nm using 
an Agilent UV-Visible Spectrophotometer, model 8453, and UV-Visible ChemStation 
software, version A.06.04 (Agilent Technologies, Waldbronn, Germany). 
 
 
4.2.2 Reagents 
Dodecoxycarbonylvaline (DDCV), marketed under the name Enantioselect™, was 
provided by Waters Corporation (Milford, MA, USA).  S-2-hexanol, ephedrine, 
pseudoephedrine, N-methyl ephedrine, atenolol, metoprolol, synephrine, TPAH, 
octanophenone, and 1-phenyl-1,3-butandione were purchased from SigmaAldrich (St. 
Louis, MO, USA).  Racemic-2-hexanol was purchased from Alfa Aesar (Ward Hill, MA, 
USA).  Sodium phosphate monobasic monohydrate and methanol were purchased from 
J.T. Baker (Phillipsburg, NJ, USA) and Fisher (Pittsburgh, PA, USA), respectively. 
 
80 
 
4.2.3 Swollen Micelle and Sample Preparation 
For each swollen micelle solution, the appropriate amount of S-DDCV (2.0, 3.0, or 4.0% 
w/v; 60.7, 91.1, or 121.4 mM, respectively) and NaH2PO4 H2O (50 mM) were weighed, 
and then dissolved in water from a Barnstead Nanopure Water System (Dubuque, IA, 
USA), equivalent to approximately three-quarters of the final volume.  1.0 M TPAH was 
added until the pH was above 6.5 to ensure the dissolution of DDCV.  Once all surfactant 
dissolved, the pH was adjusted to 7.0 with 1.0 M TPAH.  2-hexanol (S or racemic; 1.65, 
2.48, or 3.30% v/v; 131, 196.5, or 262 mM, respectively) was then added, followed by 
sonication, while covered, for approximately 30 min to ensure solution is transparent.  
Swollen micelle solutions were then diluted to their final volume, mixed, and allowed to 
stand for at least 1 hr prior to use.  Swollen micelle solutions were filtered with a 0.45 m 
hydrophilic polypropylene (GHP) syringe filter before use.   
 
All enantiomeric pairs were prepared at a total concentration of 0.5 mg/mL in swollen 
micelle solution to which 3 drops of methanol per mL swollen micelles was added to 
serve as a t0 marker.  Octanophenone has been shown to be a good estimation for tsm, 
therefore, has been used to determine the migration time of the aggregate [16].  0.35 
L/mL of octanophenone was added to the swollen micelles, using a small amount of 
methanol as a t0 marker.   
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4.2.4 Probe Solution Preparation for Critical Micelle Concentration 
Determination 
The cmc was determined for DDCV using 1-phenyl-1,3-butanedione as the probe 
molecule.  A concentrated stock of the micellar probe molecule, 1-phenyl-1,3-
butanedione, was prepared in absolute ethanol to a final concentration of 5 mg/mL. From 
this concentrated stock solution, a working stock was prepared by diluting an aliquot with 
Barnstead Nanopure water to a final concentration of 4.8 x 10
-5
 M. For each scan of the 
absorbance spectrum, a 137 µL aliquot of the diluted 1-phenyl-1,3-butanedione was 
added to a quartz cell with the appropriate volume of DDCV bringing the final volume to 
1 mL. The concentration of 1-phenyl-1,3-butanedione was approximately 6.6 x 10
-5
 M in 
the quartz cell.   
 
4.3 Calculations 
Chiral separations were analyzed in terms of peak efficiency (N), resolution (Rs), 
retention factor (k) and enantioselectivity (enant).  Both resolution and efficiency were 
calculated using the half-height equations provided by the ChemStation software, if 
resolution was less than baseline. In analyses with baseline resolution or better, statistical 
moments or the Foley-Dorsey equation was used [23].  Statistical moments resolution 
and efficiency was provided by ChemStation software, and the Foley-Dorsey equation 
uses peak width and asymmetry factor at 10%.  Details of the calculations performed can 
be found in Chapter 1. 
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4.4 Results and Discussions 
The critical micelle concentration (cmc) was determined using the probe molecule, 1-
phenyl-1,3-butanedione.  1-phenyl-1,3-butandione is a solvent-sensitive probe molecule 
that is soluble in both aqueous and non-aqueous environments, causing a wavelength 
shift.  The probe exists in two forms, a dione and an enol, in which each has a different 
max [24].  The probe molecule was added, at the constant concentration of 6.6 x 10
-5
 
mM, to various concentrations of surfactant and the UV-Vis spectrum was recorded.  The 
range of DDCV concentrations, from 0.01 mM to 10 mM, was examined and plotted 
(Figure 4.1).  From 0.01 mM to 0.30 mM, log [DDCV mM] linearly increased as 
absorbance increased.  After this point, the slope of the graph decreased, indicating the 
enolic form of the probe molecule has formed and the cmc has been reached.  Mazzeo et 
al. have previously reported the cmc of DDCV was determined to be at 0.5 mM [7], 
which was close to our observed cmc.   
 
In previous studies, microemulsions consisting of 2.0% DDCV, 1.65% 2-hexanol, and 
various oils were examined, and the aforementioned concentrations of surfactant and co-
surfactant were found to be optimal [9].  This provided a starting point for the current 
swollen micelle experiments.  The first set of experiments began with 2.0% S-
DDCV/1.65% racemic 2-hexanol, and the S-DDCV concentration was then increased to 
3.0% and 4.0%, keeping co-surfactant concentration the same.  The second set of 
experiments were identical, except that the co-surfactant was chiral, S-2-hexanol.  The 
third set of experiments examined the effect of increasing the concentration of both chiral 
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log [DDCV] (mM) 
 
Figure 4.1. Spectroscopic determination of the CMC using 1-phenyl-1,3-butanedione as 
an absorbance probe at 237 nm (circles) and 320 nm (squares). 
 
 
 
 
-2                  -1.5                -1                 -0.5                  0                  0.5                  1 
84 
 
surfactant and chiral co-surfactant, which results in an increase in the phase ratio [13, 25].  
The 3.0% S-DDCV/2.48% S-2-hexanol system will be referred as the 1.5x phase ratio 
increase and the 4.0% S-DDCV/3.30% S-2-hexanol system as the 2.0x phase ratio 
increase.  These experiments will be compared to the 2.0% S-DDCV/1.65% S-2-hexanol 
experiment from the previous set of experiments, and will be referred to as the 1.0x phase 
ratio.  The swollen micellar solutions were all prepared in 50 mM phosphate buffer, pH 
7.0.   
 
In chiral EKC, resolution depends on several electrokinetic and chromatographic figures 
of merit including efficiency (N), enantioselectivity (), retention factor (k), relative 
electrophoretic mobility (µr), and migration window (tsm/t0) (equation below) [26]. 
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Over the range of surfactant and cosurfactant compositions examined, µr and tsm/t0 varied 
by less than 8% and 10%, respectively, thus only the effect of swollen micelle 
composition on N, , and k will be considered. 
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Enantioselectivity was examined for all eight swollen micelle compositions and 
compared in Table 4.1.  For the first three compositions, enantioselectivity increased with 
increasing chiral surfactant concentration when co-surfactant was racemic for four of six 
compounds.  Ephedrine, pseudoephedrine, N-methylephedrine, and synephrine all 
increased in enantioselectivity whereas atenolol and metoprolol stayed roughly the same 
or slightly decreased, respectively.  When both surfactant and co-surfactant were chiral, 
there was an interesting trend: enantioselectivity for all analytes reached a maximum at 
3% DDCV and then dropped significantly for 4%.  In the phase ratio experiments, both 
surfactant and co-surfactant were chiral.  Between the 1.0x and 1.5x experiments, there 
was a drop in enantioselectivity with the ephedrine compounds, whereas atenolol, 
metoprolol, and synephrine showed little change.  Between  the 1.5x and 2.0x phase ratio 
experiments, there was little or no change in enantioselectivity for all six compounds.   
 
The efficiency for each of the swollen micelle systems was also evaluated (Table 4.2).  
For the three swollen micelle solutions containing racemic co-surfactant, the efficiency 
was generally the same, with only a small decrease in efficiency as the concentration of 
DDCV increased.  When both surfactant and co-surfactant are chiral, the trend is similar 
to the effects on enantioselectivity: from 2% to 3%, the efficiency generally increases and 
between 3% and 4%, there is a dramatic drop in the plate count.  As for remaining 
experiments, in general, as the phase ratio increased, the efficiency increased.  The most 
apparent exception was atenolol, which declined significantly between 1.5x and 2.0x. 
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Table 4.1.  Enantioselectivities for the various swollen micelle solutions.   
 
 Racemic 2-hexanol
a)
 (S)-2-hexanol
a)
 Phase Ratio
b) 
 2% 3% 4% 2% 
(1x) 
3% 4% 1.5x 2.0x 
Ephedrine 1.091 1.164 1.213 1.110 1.138 1.115 1.082 1.074 
Pseudoephedrine 1.179 1.290 1.372 1.209 1.253 1.140 1.171 1.168 
N-methylephedrine 1.104 1.145 1.181 1.120 1.143 1.112 1.043 1.031 
Atenolol 1.044 1.035 1.025 1.027 1.040 1.035 1.035 1.028 
Metoprolol 1.114 1.062 1.060 1.051 1.147 1.055 1.042 1.040 
Synephrine 1.064 1.067 1.075 1.066 1.070 1.053 1.060 1.059 
Arithmetic Mean 1.099 1.127 1.154 1.097 1.132 1.085 1.072 1.067 
a) Surfactant (S-DDCV) concentration was 2, 3, or 4% w/v; co-surfactant (2-
hexanol) concentration was 1.65% v/v. 
b) 1.5x: 3% w/v chiral surfactant (S-DDCV) and 2.48% v/v co-surfactant (S-2-
hexanol); 2.0x: 4% surfactant (S-DDCV) and 3.30% co-surfactant (S-2-hexanol) 
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Retention was also examined for each of the swollen micelle compositions (Table 4.3).  
When chiral surfactant and racemic co-surfactant were used, the retention for all six pairs 
of enantiomers was higher than the compositions containing both chiral surfactant and 
co-surfactant.   This held true for both sets of compositions in which chiral co-surfactant 
was held at constant concentration and in the phase ratio experiments.  Another trend 
observed was the increase in retention when DDCV concentration was increased while 
racemic 2-hexanol concentration was held constant.  As for the swollen micelle 
compositions with chiral surfactant and constant co-surfactant concentration, the 
retention maximized at 3% DDCV concentration.  As for the phase ratio compositions, as 
both chiral surfactant and chiral co-surfactant concentrations increased, the retention 
increased as well.  
 
Given the dependence of resolution on enantioselectivity and efficiency, trends in 
resolution were similar as found with enantioselectivity and efficiency (Table 4.4), where 
resolution increased as surfactant concentration increased and racemic 2-hexanol 
concentration was held constant.  Resolution also increased in experiments where DDCV 
increased from 2% to 3% and S-2-hexanol concentration was held constant.  Again, when 
chiral surfactant increased from 3% to 4%, resolution decreased when chiral co-surfactant 
was used.  In the phase ratio experiments, the resolution for three of the six compounds 
monotonically increased between 1.0x and 2.0x.  The remainder compounds exhibited a 
decrease in resolution from 1.0x to 1.5x phase ratio compositions.  One noteworthy 
improvement in resolution was for pseudoephedrine, which dramatically increased 
between 1.0x and 1.5x phase ratio compositions. 
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Table 4.2.  Efficiencies for the various swollen micellar solutions
a)
. 
 
 Racemic 2-hexanol (S)-2-hexanol Phase Ratio 
 2% 3% 4% 2% 
(1x) 
3% 4% 1.5x 2.0x 
Ephedrine 29500 29200 21400 49100 54600 11100 50900 80500 
Pseudoephedrine 35100 29800 29700 32700 37900 7200 58900 65200 
N-methylephedrine 31200 26600 24000 37700 39100 8400 36200 75300 
Atenolol 74200 73100 70000 82400 101000 21000 101600 33000 
Metoprolol 41600 35800 30800 66900 62200 11400 64900 67800 
Synephrine 60100 40600 37500 72400 80300 11800 62800 74300 
Geometric Mean 42600 36700 32700 53800 58700 11100 59600 63500 
a) Same compositions as in Table 1.  Arithmetic mean reported for each pair of 
enantiomers. 
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Table 4.3.  Comparison of retention for the various swollen micellar solutions
a)
. 
 
 Racemic 2-hexanol (S)-2-hexanol Phase Ratio 
 2% 3% 4% 2% 
(1x) 
3% 4% 1.5x 2.0x 
Ephedrine 2.57 5.04 6.38 2.79 4.67 2.98 2.89 3.55 
Pseudoephedrine 2.42 4.16 5.05 2.58 4.27 2.79 2.83 3.26 
N-methylephedrine 2.57 4.00 4.78 1.86 4.62 2.68 2.48 3.76 
Atenolol 0.82 1.11 1.09 0.88 1.32 1.09 0.93 0.94 
Metoprolol 2.87 3.62 5.40 2.21 2.60 2.12 3.20 4.08 
Synephrine 0.94 1.44 1.49 0.98 1.53 1.16 1.09 1.27 
Arithmetic Mean 2.03 3.23 4.03 1.88 3.17 2.14 2.24 2.81 
a) Same compositions as in Table 1.  Arithmetic mean reported for each pair of 
enantiomers. 
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 Previous studies indicated that in some cases, two chiral component systems would fare 
better in efficiencies than those systems with one chiral component [11].  The aggregates 
containing 1.65% racemic 2-hexanol generally had lower efficiencies as compared to 
similar systems with S-2-hexanol.  With the improvement in efficiency came a decrease 
of enantioselectivity and decrease in elution range, which was also observed in these 
systems.  The two chiral component swollen micelles generally had lower resolutions and 
similar enantioselectivities as compared to their one chiral component counter parts.   
 
An interesting trend that occurred in these studies was with the experiments which 
featured an increase in chiral surfactant and constant concentration of chiral co- 
surfactant.  The CFOMs generally suffered for all analytes using the swollen micellar 
solution containing 4% DDCV and 1.65% S-2-hexanol, when compared to the 3% DDCV 
solution.  This dramatic decrease in enantioselectivity, efficiency, and resolution may be 
explained by the interaction of the two chiral components of the swollen micelle, which 
is somehow negating the chiral interaction between aggregate and analyte.  Additional 
research on these chiral interactions is necessary to understand the separation mechanism 
of this system and help explain the detrimental effect for these analytes under these 
conditions.   
 
Run times were longer with increasing surfactant concentration to the system, which 
caused peaks to broaden (Figure 4.2).  However, when both surfactant and co-surfactant 
increased proportionally, the peak shape remained somewhat constant although run times 
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Table 4.4. Comparison of resolution achieved using the various swollen micellar                                                 
     solutions
a)
. 
 
 Racemic 2-hexanol (S)-2-hexanol Phase Ratio 
 2% 3% 4% 2% (1x) 3% 4% 1.5x 2.0x 
Ephedrine 2.32 3.71 3.72 2.54 2.69 2.17 3.42 4.34 
Pseudoephedrine 4.15 6.44 6.52 3.74 4.15 2.87 6.34 6.71 
N-methylephedrine 2.47 3.83 4.03 2.47 2.66 2.03 2.08 3.15 
Atenolol 0.88 1.11 1.16 0.73 1.08 0.51 1.09 0.82 
Metoprolol 1.95 2.06 2.09 1.87 2.23 1.15 1.38 2.35 
Synephrine 1.24 1.46 1.68 1.37 1.41 0.71 1.17 1.65 
Arithmetic Mean 2.17 3.10 3.20 2.12 2.37 1.57 2.58 3.17 
a) Same compositions as in Table 1. 
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were still longer (Figure 4.3).  This gave the opportunity for better baseline resolution of 
peaks without the detriment of band broadening 
 
The swollen micelle system investigated here can be compared to the various aggregate 
systems using DDCV (Table 4.5).  Compared to swollen micelles using the achiral co- 
surfactant, 1-butanol, efficiency and resolution was higher for pseudoephedrine when 
either racemic or chiral 2-hexanol was used.  This may be due to the branched nature of 
2-hexanol, causing surfactant/co-surfactant interactions and increasing mass transfer [9].  
Another noteworthy comparison is of the 2-hexanol-containing microemulsion against all 
other aggregates.  There was a three-fold increase in efficiency for pseudoephedrine 
using a DDCV/2-hexanol/ethyl acetate microemulsion compared to the DDCV/2-hexanol 
swollen micelles.  The addition of a hydrophobic core in microemulsions allows for ease 
of solubilization of the analytes and thus an analyte’s mass transfer is improved.  It is 
important to note the instability of the swollen micellar solutions at higher concentrations 
of surfactant and co-surfactant.  All systems containing 4% DDCV were generally not 
stable more than 2-3 weeks.  These higher concentrations caused the surfactant to 
precipitate from solution, and so were made more frequently for experimentation.  The 
swollen micelles containing larger concentrations of surfactant resulted in noisier 
baselines than swollen micelle systems with lower surfactant concentrations, which is 
consistent with results of previous studies [13].     
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Figure 4.2. Electropherograms for metoprolol: All conditions for the above 
electropherograms contained 1.65% racemic 2-hexanol, 50 mM phosphate buffer, pH 7.0 
and (a) 2% DDCV, (b) 3% DDCV, and (c) 4% DDCV. 
 
 
 
 
 
min 2 4 6 8 
mAU 
-40 
-30 
-20 
-10  
 
min 2 4 6 8 
mAU 
-60 
-50 
-40 
-30 
-20 
-10  
  
 
min 2 4 6 8 
mAU 
-80 
-70 
-60 
-50 
-40 
-30 
-20 
-10  
 
   
(b) 
(c) 
(a) 
94 
 
 
 
 
 
 
Figure 4.3. Electropherograms for synephrine.  All conditions for the above 
electropherograms contained 50 mM phosphate buffer, pH 7.0, and (S)-DDCV and (S)-2-
hexanol in the following proportions: (a) 1.65%; (b) 2.48%; and (c) 3.30%. 
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Table 4.5. Comparison of pseudoephedrine between various aggregate systems    
                   previously studied
a)
. 
 
  N Rs Ref. 
Micelle 1.23 22000 3.67 [16] 
1-butanol modified 
micelle 
1.20 24000 2.94 [16] 
2-hexanol modified 
micelle 
1.18 35100 4.15 This study 
S-2-hexanol modified 
micelle 
1.21 32700 3.74 This study 
1-butanol, ethyl acetate 
microemulsion 
1.20 31000 3.08 [13] 
2-hexanol, ethyl acetate 
microemulsion 
1.08 85000 3.45 [9] 
 
a) All aggregate systems contain 2% DDCV; 1-butanol systems contain 1.2% co-
surfactant; 2-hexanol systems contain 1.65% co-surfactant; ethyl acetate systems 
contain 0.5% oil 
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4.5 Concluding Remarks 
The use of chiral pseudostationary phases (PSPs) in electrokinetic chromatography 
provides high efficiencies and excellent resolution for enantiomeric separations.  The 
chiral PSPs of interest in this study are alcohol-modified ("swollen") micelles, in which a 
co-surfactant (medium chain-length alcohol) was added with the surfactant.  In this study, 
the chiral surfactant, dodecoxycarbonylvaline (DDCV), along with the co-surfactant, 2-
hexanol, were prepared as swollen micelles in order to investigate the chiral separation of 
enantiomeric pairs.  Three sets of experiments were investigated in which swollen 
micelle systems contained: chiral surfactant and racemic co-surfactant; chiral surfactant 
and chiral co-surfactant; and phase ratio increases, in which both chiral surfactant and 
chiral co-surfactant were employed.  In the first two sets of experiments, co-surfactant 
concentration was held constant and the surfactant concentration was increased.  In the 
third set of experiments, both surfactant and chiral surfactant concentration was increased 
proportionally.  The chromatographic figures of merit (CFOMs) for each enantiomeric 
pair were investigated and compared to various chiral aggregate systems.  In swollen 
micelle compositions using constant racemic 2-hexanol concentration, when DDCV 
concentration increased, enantioselectivity and resolution increased while efficiency 
remained constant for most of the test compounds.  Compositions using constant S-2-
hexanol concentration reached a maximum in all CFOMs when DDCV concentration was 
increased from 2% to 3%.  An increase in both surfactant and co-surfactant concentration 
led to noisy baselines and chiral aggregates that were generally unstable in solution.   
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Alcohol-modified micellar solutions provide some variability to separation conditions in 
the enantiomeric separation of chiral analytes in EKC.  Swollen micelles use two 
components, surfactant and co-surfactant, allowing the opportunity for a large number of 
combinations for systems to be studied.  The EKC studies here investigated micelles that 
contained DDCV and 2-hexanol as surfactant and co-surfactant, yielding an additional 
experimental variation to the diverse types of modified micellar systems previously 
investigated.  This research investigated the effects of increasing the concentration of 
surfactant while keeping the achiral or chiral co-surfactant concentration constant, as well 
as increasing the concentration of both chiral surfactant and chiral co-surfactant 
proportionally.  In systems where the chiral surfactant concentration was increased while 
maintaining racemic co-surfactant concentration, increasing DDCV concentration had 
very little effect on efficiency while both enantioselectivity and resolution increased.  
Increased chiral surfactant and constant chiral co-surfactant concentration systems had an 
interesting trend where the 4% DDCV system was detrimental to all the analytes and 
their CFOMs.  Phase ratio increases provided longer run times, yet maintained peak 
shape and generally had better efficiencies than the other swollen micellar solutions 
studied.  Further investigation of the separation mechanism is necessary to understanding 
the chiral interactions between surfactant and co-surfactant, as well as varying conditions, 
such as the electrolytic medium, for improved efficiencies similar to microemulsions. 
 
 
The authors would like to thank Waters Corporation for the DDCV surfactant. 
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Chapter 5: Synthesis of a Novel Chiral Surfactant for use in Electrokinetic 
Chromatography 
 
 
5.1 Introduction  
In electrokinetic chromatography (EKC), there are several chiral agents that can be 
employed for use of chiral separations.  Some examples of these include crown ethers, 
cyclodextrins, and surfactants.  There are various types of chiral surfactants that can be 
used, such as natural, polymeric, and synthetic.  One example of a natural chiral 
surfactant is bile salts.  Terabe et al. [1] first introduced chiral micellar electrokinetic 
chromatography (MEKC) using a variety of bile salts to separate racemic dansylated 
amino acids.  Specifically, sodium taurodeoxycholate was one of the bile salts used that 
was found to be most successful in separating the dansylated DL-amino acids, under 
acidic conditions.  Polymeric surfactants, such as poly (sodium N-undecanoyl-L-valinate) 
(poly L-SUV) have also been employed [2-3].  In regards to synthetic surfactants, N-
dodecoxycarbonylvaline (DDCV) is a chiral surfactant first synthesized by Mazzeo et al. 
[4], and is commonly used in our lab to investigate chiral separations [5-10].  Although 
the DDCV surfactant has been used for a variety of pseudostationary phases (PSPs), 
including micelles and microemulsions, it is limited to use in buffers with a pH greater 
than 6.5.  The surfactant is incapable of dissolving in acidic conditions, and therefore 
cannot be used at low pH where, if EOF is suppressed, it would serve as a selective 
mobile phase.  A surfactant capable of being a selective mobile phase is sodium dodecyl 
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sulfate (SDS), a commonly used surfactant.  Although incapable of chiral separations, 
SDS has proven to have excellent resolving power between diastereomers [11]. 
 
Here, a new surfactant is proposed, synthesized, and used for chiral micellar 
electrokinetic chromatography (MEKC).   This new surfactant was expected to have 
chiral resolving power similar to DDCV and capable of use within the majority of the pH 
range.  The surfactant proposed here was similar to DDCV except that the carboxylic 
acid head group was replaced by a sulfate group.   Direct replacements of functional 
groups were not possible; therefore a surfactant similar in structure to DDCV was 
synthesized.  A simple, two-step synthesis of the chiral surfactant was conducted as well 
as initial research on its resolving power for enantiomers.  In addition to 
enantioresolution, a chromatographic figure of merit (CFOM), other CFOMs such as 
theoretical plate number and enantioselectivity, were also investigated and reported for 
pseudoephedrine. 
 
 
5.2 Materials and Methods 
5.2.1 Instrumentation 
Separations were performed on an Agilent 
3D
CE instrument, model G1600AX, equipped 
with a UV diode array detector monitoring at 200, 215, 236, 246, and 254 nm (Agilent 
Technologies, Waldbronn, Germany), although monitoring at 215 and 236 nm would 
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have been sufficient since pseudoephedrine has a chromophore at 215 nm and the 
alkylphenones have one at 236 nm.  ChemStation software, version B.03.02, was used to 
collect and analyze data.  Capillaries used were fused silica, with the following 
dimensions: 50 m ID, 365 m OD, 32 cm total length, 23.6 cm effective length 
(Polymicro, Technologies, Phoenix, AZ, USA).  A window was burned in the capillary 
for UV detection.  New capillaries were conditioned by flushing with HPLC-grade water 
for 10 min, 1 M sodium hydroxide (NaOH) for 10 min, 0.1 M NaOH for 5 min, HPLC-
grade water for 3 min, and appropriate micelle solution for 15 min.  The cartridge 
temperature was maintained at 25ºC and the autosampler at ambient temperature.  The 
applied voltage was 4.5 or 6.5 kV for experiments containing either 200 mM phosphate 
buffer or 100mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 
respectively.  The level of applied voltage was selected to maintain Joule heating at 
roughly 1.5 W/m.  Also, a voltage ramp of 0.3 min at the onset on each separation was 
employed.  Injection of samples was performed hydrodynamically at 25 mbar for 2 s, 
flushing with micellar solution for 2 min between injections.  Prior to a new analysis, 
capillaries were flushed with HPLC-grade water for 10 min, 0.1 M NaOH for 10 min, 
HPLC-grade water for 3 min, and micellar solution for 15 min.  
 
For viscosity corrections of ep, the time required to push a plug of isopropanol through a 
conditioned capillary was measured.  The plugs were injected using 50 mbar of pressure 
and no voltage for both CZE and EKC conditions. 
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The critical micelle concentration (cmc) was also determined, using 1-phenyl-1,3-
butanedione.  Absorbance was monitored at two wavelengths, 237 nm and 320 nm using 
an Agilent UV-Visible Spectrophotometer, model 8453, and UV-Visible ChemStation 
software, version A.06.04 (Agilent Technologies, Waldbronn, Germany). 
 
 
5.2.2 Reagents 
Pseudoephedrine, dodecylchloroformate, R- and S-1-amino-2-propanol, 4-(2-
hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES), concentrated sulfuric acid, 
triethylamine (TEA), 1-phenyl-1,3-butandione, and octanophenone were purchased from 
SigmaAldrich (St. Louis, MO, USA).  Sodium phosphate monobasic monohydrate and 
methanol were purchased from J.T. Baker (Phillipsburg, NJ, USA) and Fisher 
(Pittsburgh, PA, USA), respectively. 
 
 
5.2.3 Chiral Surfactant Synthesis: Chiral Head Group  
Heine et al. [12] and Minoura et al. [13] have reported syntheses of 3-
aminopropylsulfuric acid and 2-aminopropylsulfuric acid, respectively.  1-Amino-2-
sulfuric acid ester propane, a chiral molecule, was synthesized so to be used as the 
hydrophilic portion of the surfactant.  This molecule, which will be termed as the head 
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group, was synthesized similarly to the method of the aforementioned 
aminopropylsulfuric acids.  The description of the head group’s synthesis follows. 
 
In an ice bath, 7.0 ml concentrated sulfuric acid was slowly added to 3.5 ml DI water.  
While stirring, 10.0 ml 1-amino-2-propanol (either R or S) and 5.0 ml DI water mixture 
were slowly added, drop-wise, using an addition funnel to maintain solution temperature 
below 40 °C (Figure 5.1).  After the addition of all materials, the ice bath was removed, 
and the solution was distilled to remove water.  This is visualized when the yellow 
solution becomes slightly brown.  Once cooled, 100% ethanol was added to precipitate 
the head group and then filtered.  The white crystals were recrystallized in water and 
dried over night.  Elemental analysis was performed on the solid to confirm synthesis.  In 
addition, the specific rotation was determined for both (R) and (S) head groups using a 
polarimeter at 589 nm (Perkin Elmer, Model 343, Waltham, MA, USA).  The specific 
rotations of R and S head groups were -14.9 and +13.5, respectively.  In addition, the 
racemic head group was synthesized, and its specific rotation was 0.00.   
 
5.2.4 Chiral Surfactant Synthesis:  Addition of Tail Group 
As described by Mazzeo et al. [4], DDCV’s tail group was added to valine in one step, 
which was first reported by Miyagishi and Nishida who described the synthesis of acyl 
amino acids.  The same approach was used here to add a hydrophobic tail group.     
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First, 1.05 g of the head group was dissolved in 6.0 ml DI water and 3.0 ml acetone.  
While in an ice bath and stirring, 15.0 ml of 1.0 M NaOH was slowly added, drop-wise to 
the aforementioned solution.  Then, 1.52 g of dodecylchloroformate was slowly also 
added, maintaining cold temperature.  The mixture was left to stir for 1 hr in the ice bath.  
Afterwards, the solution was removed from the ice bath, and left to stir at ambient 
temperature for approximately 24 hrs (Figure 5.1).  The viscous solution was diluted in 
about 20 mL of DI water, and then added to a separatory funnel.  The aqueous solution 
was extracted with 20 ml dichloromethane, twice, to remove unreacted material.  The 
aqueous phase was boiled to remove water, and left to dry overnight.  The white solid 
(sodium salt of the surfactant) was then recrystallized in ether.  The surfactant synthesis 
was confirmed via mass spectrometry. 
 
This new surfactant, dodecyl (propan-2-yl hydrogen sulfate) carbamate or DDPSC for 
short, is not known to be an existing surfactant synthesized by any other research group.  
The sodium salt was synthesized, although in theory, any salt can be formed.  However, 
the neutral form of the surfactant’s synthesis was not possible with the aforementioned 
synthetic route.  A simple acid-base extraction was performed on the surfactant, using 
hydrochloric acid after the initial extractions with dichloromethane (used to remove 
unreacted material), but this method did not yield any usable surfactant. 
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Figure 5.1. Total synthesis of DDPSC: Synthesis of chiral head group (top) and addition 
of tail group (bottom). 
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5.2.5 Micelle and Sample Preparation 
For each micelle solution, the appropriate amount of R- or S-DDPSC (100 mM or 200 
mM, in HEPES or phosphate buffer, respectively) and HEPES or NaH2PO4 H2O (50 or 
100 mM, respectively) were weighed, and then dissolved in water from a Barnstead 
Nanopure Water System (Dubuque, IA, USA), equivalent to approximately three-quarters 
of the final volume.  When HEPES buffer was used, 10 mM triethylamine (TEA) was 
added to improve peak shape.  Once all surfactant dissolved, the pH was adjusted to 7.0 
with 1.0 M NaOH.  Micelle solutions were then diluted to their final volume, mixed, and 
allowed to stand for at least 1 hr prior to use.  Micelle solutions were filtered with a 0.45 
m hydrophilic polypropylene (GHP) syringe filter before use.   
 
Pseudoephedrine was prepared at a total concentration of 0.5 mg/mL in micelle solution 
to which 3 drops of methanol per mL micellar solution was added to serve as a t0 marker.  
Octanophenone has been shown to be a good estimation for tmic, therefore, it has been 
used to determine the migration time of the aggregate [10].  0.35 L of octanophenone 
per mL micellar solution was added, using a small amount of methanol as a t0 marker.   
 
 
5.2.6 Probe Solution Preparation for Critical Micelle Concentration 
Determination 
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The cmc was determined for the new surfactant using 1-phenyl-1,3-butanedione as the 
probe molecule.  A concentrated stock of the micellar probe molecule, 1-phenyl-1,3- 
butanedione, was prepared in absolute ethanol to a final concentration of 5 mg/mL. From 
this concentrated stock solution, a working stock was prepared by diluting an aliquot with 
Barnstead Nanopure water to a final concentration of 4.8 x 10
-5
 M. For each scan of the 
absorbance spectrum, a 137 µL aliquot of the diluted 1-phenyl-1,3-butanedione was 
added to a quartz cell with the appropriate volume of surfactant to bring the final volume 
to 1 mL. The concentration of 1-phenyl-1,3-butanedione was approximately 6.6 x 10
-5
 M 
in the quartz cell.   
 
 
5.3 Calculations 
Chiral separations were analyzed in terms of peak efficiency (N), resolution (Rs), 
retention factor (k) and enantioselectivity (enant).  Both resolution and efficiency were 
calculated using the half-height equations provided by the ChemStation software, if 
resolution was less than baseline. In analyses with baseline resolution or better, statistical 
moments or the Foley-Dorsey equation was used [14].  Statistical moments resolution 
and efficiency was provided by ChemStation software, and the Foley-Dorsey equation 
uses peak width and asymmetry factor at 10%.  Details of the calculations performed can 
be found in Chapter 1. 
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5.4 Results and Discussions 
The critical micelle concentration (cmc) was determined using the probe molecule, 1-
phenyl-1,3-butanedione.  1-phenyl-1,3-butanedione is a solvent sensitive probe molecule 
that is soluble in both aqueous and non-aqueous environment, causing a wavelength shift.  
The probe exists in two forms, a dione and an enol, in which each have a different max 
[15].  The probe molecule was added, at the constant concentration of 6.6 x 10
-5
 mM, to 
various concentrations of surfactant and the UV-Vis spectrum was recorded.  The range 
of surfactant concentrations, from 0.01 mM to 10 mM, was examined and plotted.  From 
0.01 mM to 0.30 mM, log [surfactant mM] linearly increased as absorbance increased.  
After this point, the slope of the graph decreased, indicating the enolic form of the probe 
molecule has formed and the cmc has been reached.  From the experiments, it was 
determined that the cmc of this novel surfactant was 0.3 mM.   
 
Initially, phosphate buffer was chosen since the buffer can be used at a variety of pH 
values since phosphoric acid has three ionizable hydrogens.  The three pKa values of 
phosphoric acid would not only cover neutral conditions (6 < pH < 8), but also acidic 
conditions (1.2 < pH < 3.2) so that this novel chiral surfactant could be used as a selective 
mobile phase.  Using phosphoric acid for all of the studies would provide a consistent 
running buffer and less variability between experiments.  A variety of surfactant/buffer 
concentrations were investigated, starting at 50 mM of each phosphate buffer and 
DDPSC.  Chiral separation was achieved when both surfactant and buffer concentrations 
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were relatively high.  The best conditions for effective enantioselectivity using phosphate 
buffer at pH 7.0 was when 100 mM phosphate buffer and 200 mM surfactant were 
employed.  The chromatographic figures of merit (CFOMs) were investigated for 
pseudoephedrine, since in previous studies this analyte had the largest enantioresolution.   
Although the separation yielded long run times, the average efficiency (N) for the 
enantiomeric pair was above 100,000 plates.  However, the enantioresolution was not as 
good as compared to previous studies using DDCV (Figure 5.2).   
 
Following the studies at pH 7.0, the surfactant was employed at a pH of 2.5 to investigate 
the chiral separation of pseudoephedrine when the chiral surfactant was employed as a 
selective mobile phase.  Again, a variety of DDPSC/phosphate buffer concentration 
combinations were explored to study the enantioresolution of pseudoephedrine.  At low 
buffer and surfactant concentrations, chiral separation was not possible.  Relatively high 
concentrations, same to which enantioresolution was possible at neutral pH, was also 
employed but no chiral resolution was observed.  A series of homologous alkylphenones 
were investigated with the new chiral surfactant at low pH, and separation was possible 
using 50 mM surfactant and 50 mM phosphate buffer.  Peak shape was further improved 
when buffer concentration was increased to 100 mM. 
 
Following the studies using phosphate buffer, HEPES was next employed as the running 
buffer in conjunction with the new surfactant.  At a pH of 7.0, various combinations of 
surfactant and HEPES buffer were investigated to assess the enantioresolution and other 
112 
 
 
 
 
 
 
 
Figure 5.2. Chiral separation of pseudoephrine with novel chiral surfactant.  Conditions 
are as follows: 100 mM phosphate buffer, 200 mM (S)-DDPSC, pH 7.0. 
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CFOMs for pseudoephedrine.  The optimal conditions employing HEPES buffer were 
obtained when 50 mM HEPES, 100 mM surfactant, and 10 mM TEA were used.  
Although run times were relatively long, run times were slightly less than those obtained 
in the phosphate buffer experiments.  Pseudoephedrine was again investigated, and the 
results obtained fared better than those obtained with phosphate buffer.  The peak shape 
was excellent with the exception of some tailing with the first enantiomeric peak to elute 
(Figure 5.3) and theoretical plates were over double than those obtained from phosphate 
(see Table 5.1).  In Figure 5.3, one can see the reversal of enantiomeric peaks when (R)-
DDPSC was used (in Figure 5.2, (S)-DDPSC was used).  The resolution using HEPES 
buffer was exceptional when compared to the optimal conditions found with phosphate 
buffer.  When HEPES was used, enantioresolution was found to be 5.816 whereas 
resolution was 1.687.  Selectivity was also better when HEPES buffer was used, which 
was 1.076 while, it was 1.034 when phosphate buffer was used. 
 
 
5.5 Conclusions 
A new surfactant, dodecyl (propan-2-yl hydrogen sulfate) carbamate, was synthesized 
with the intention of being capable of use at both neutral and acidic pH ranges.  The 
novel surfactant was also intended to be a combination of two known surfactants, SDS 
and DDCV.  SDS is anionic surfactant that can be used over a large pH range, including 
low pH whereas DDCV is a chiral surfactant in which has a limitation of being incapable 
of being employed below pH 6.5. The chiral head group was successfully synthesized  
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Figure 5.3. Enantioseparation of pseudoephedrine using the following conditions: 100 
mM (R)-DDPSC, 50 mM HEPES, 10 mM TEA, pH 7.0. 
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Table 5.1. Chromatographic figures of merit for the separation of pseudoephedrine 
 Rs N  kopt Elution 
range 
      
Phosphate
a
 1.69 104000 1.034 5.12 10.8 
HEPES
b
 5.82 235000 1.076 6.05 7.8 
 
Conditions are as follows: a) 200 mM (S) surfactant, 100 mM phosphate buffer, pH 7.0; 
b) 100 mM (R) surfactant, 50 mM HEPES, 10 mM TEA, pH 7.0. 
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and purified, following the successful addition of the hydrophobic tail group.  The cmc of 
the novel surfactant was determined to be 0.3 mM, using the probe molecule, 1-phenyl-
1,3-butanedione.   
 
Initial studies with the novel surfactant dissolved in phosphate buffer did not yield great 
CFOMs.  When chiral separation was achieved, a high concentration of surfactant was 
necessary.  When HEPES was employed, exceptional separation was achieved, yielding 
an average theoretical plate number of 235,000 and 5.82 for enantioresolution for 
pseudoephedrine.  The use of the chiral surfactant at acidic pH was not possible for chiral 
separation for the conditions examined here, although separation of alkylphenones was 
possible with 50 mM surfactant and 100 mM phosphate buffer at pH 2.5.  Further 
investigation, perhaps using a buffer such as piperazine-1,4-bis(2-ethanesulfonic acid) 
(PIPES), may yield chiral separation at low pH.   Buffers that have a structure similar to 
HEPES with pKa values around 2-4, like PIPES, may prove successful in the low pH 
range.   
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Chapter 6: Other experimentation in Chiral EKC 
 
6.1 Introduction 
This final chapter investigates initial research performed in which the effects of 
counterion, co-surfactant, organic modifier, and surfactant composition on chiral and 
achiral separations in micellar electrokinetic chromatography (MEKC) were studied.  The 
effects of the aforementioned variables on the key chromatographic figures of merit 
(CFOMs) in MEKC--efficiency, selectivity (separation factor) or enantioselectivity, 
retention factor, elution range, and resolution--are evaluated for common achiral and 
chiral micellar pseudostationary phases (PSPs).   For the achiral micellar PSP, the use of 
lithium or sodium counterions on separations employing achiral dodecylsulfate micelles 
are compared in the presence and absence of an alcohol-based achiral cosurfactant and a 
Class II modifier, acetonitrile.  For the chiral micellar PSP, the effect on the CFOMs of 
the partial substitution of an achiral surfactant (SDS or LiDS) for the chiral surfactant 
dodecoxycarbonylvaline (DDCV) is examined and described, as are the effects of the 
addition of a small concentration of an alcohol-based chiral co-surfactant. This will be a 
brief overview of the experimentation and results. 
 
6.2 Materials and Methods 
6.2.1 Instrumentation 
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Separations were performed on an Agilent 
3D
CE instrument, model G1600AX, equipped 
with a UV diode array detector monitoring at 200, 215, 236, 246, and 254 nm (Agilent 
Technologies, Waldbronn, Germany), although monitoring at 215 nm would have been 
sufficient since both ephedrine and pseudoephedrine have a chromophore at 215 nm.  
ChemStation software, revisions A.08.03 and A.09.01, was used to collect and analyze 
data.  Fused silica capillaries (Polymicro, Technologies, Phoenix, AZ, USA) with the 
following dimensions were employed: 50 m ID, 365 m OD, 32 cm total length, 23.6 
cm effective length, with a window burned for UV detection.   New capillaries were 
conditioned by flushing with HPLC-grade water for 10 min, 1 M tetrapropylammonium 
hydroxide (TPAH) for 10 min, 0.1 M TPAH for 5 min, HPLC-grade water for 3 min, and 
appropriate micellar solution for 15 min.  Flushing with TPAH activates the surface 
silanols within the interior of the capillary by removing protons of the hydroxyl group 
and exposing negative charges.  The cartridge temperature was maintained at 25ºC and 
the autosampler at ambient temperature.  All experiments used an applied voltage of 11.5 
kV, with a voltage ramp of 0.3 min at the onset of each separation.  Samples were 
injected hydrodynamically at 25 mbar for 2 s, flushing the capillary with micellar 
solution for 2 min between injections.  Prior to a new analysis, capillaries were flushed 
with the same washing conditions as aforementioned.  
 
For viscosity corrections, the migration time from the capillary inlet to the detector 
window of a plug of isopropanol introduced hydrodynamically (2s at 25 mbar) was 
measured in quadruplicate under pressure-driven flow conditions (50 mbar, no applied 
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voltage) in the presence of CZE and micellar electrokinetic chromatography (MEKC) 
buffers. 
 
6.2.2 Reagents 
Dodecoxycarbonylvaline (DDCV), marketed under the name Enantioselect, was provided 
by Waters (Milford, MA, USA).  Ephedrine, epinephrine, norphenylephrine, metoprolol, 
(S)-2-hexanol, TPAH, lithium dodecyl sulfate (LiDS) and alkylphenones (aceto – 
octanophenones) were purchased from SigmaAldrich (St. Louis, MO, USA).    Sodium 
phosphate monobasic monohydrate was purchased from J.T. Baker (Phillipsburg, NJ, 
USA).  Acetonitrile and methanol were purchased from Fisher (Pittsburgh, PA, USA).  
Sodium dodecyl sulfate (SDS) was purchased from ICN Biomedicals (Irvine, CA, USA).  
 
6.2.3 Micelle/Solvent-Modified Micelle Solution and Sample Preparation 
For each micelle solution, the appropriate amount of R-DDCV, SDS, LiDS, or 
combinations of DDCV and SDS or LiDS (2.0% w/v, total), and NaH2PO4 H2O (50 mM) 
were weighed, and then dissolved in water from a Barnstead Nanopure Water System 
(Dubuque, IA, USA), equivalent to approximately three-quarters of the final volume.  1.0 
M TPAH was added until the pH was above 6.5 to ensure the dissolution of DDCV.  
Once all surfactant dissolved, the pH was adjusted to 7.0 with 1.0 M TPAH.  Acetonitrile 
or S-2-hexanol (5.0% or 1.5% v/v, respectively) was then added for the appropriate 
experiments, followed by sonication, while covered, for approximately 30 min to ensure 
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solution is transparent.  Micelle solutions were then diluted to their final volume, mixed, 
and allowed to stand for at least 1 hr prior to use.  Micelle solutions were filtered with a 
0.45 m hydrophilic polypropylene (GHP) syringe filter before use.   
All enantiomeric pairs were prepared at a total concentration of 0.5 mg/mL in micelle 
solution to which 3 drops of methanol per mL swollen micelles was added to serve as a t0 
marker.  
A series of alkylphenones (aceto-, propio-, butyro-, valero-, hexano-, and 
heptanophenones) were used to determine methylene selectivity.  A drop of each 
alkylphenone was added to a 50 mL volumetric flask and then diluted with methanol.  
This solution was then diluted 50:50 with the running buffer. 
 
Octanophenone has been shown to be a good estimation for tmc, therefore, it has been 
used to determine the migration time of the aggregate.  0.35 L/mL of octanophenone 
was added to the micelles, using a small amount of methanol as a t0 marker.   
 
6.3 Calculations 
Chiral separations were analyzed in terms of peak efficiency (N), resolution (Rs), 
retention factor (k) and enantioselectivity (enant).  Both resolution and efficiency were 
calculated using the half-height equations provided by the ChemStation software, if 
resolution was less than baseline. In analyses with baseline resolution or better, statistical 
moments or the Foley-Dorsey equation was used.  Statistical moments resolution and 
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efficiency was provided by ChemStation software, and the Foley-Dorsey equation uses 
peak width and asymmetry factor at 10%.  Details of the calculations performed can be 
found in Chapter 1. 
 
6.4 Results and Discussions 
All four of the enaniomeric pairs were analyzed with the various micellar and solvent-
modified micellar solutions.  A table of CFOMs (Table 6.1) as well as select 
chromatograms (Figure 6.1) was prepared. 
 
From Table 6.1, we can see that the addition of 2-hexanol to DDCV micelles create an 
increase in theoretical plate number for all of the enantiomers studied.  As a consequence, 
the resolution, enantioselectivity, and elution range decreases.  However, when 
acetonitrile is added to DDCV micelles, there is an increase in theoretical plate number 
that exceeds those obtained with the addition of (S)-2-hexanol.  In addition, resolution is 
significantly improved and the enantioselectivity stays relatively the same, offering 
excellent separation with minimal organic solvent addition.  However, the addition of 
acetonitrile causes noisy baselines when compared to the smooth baselines attained with 
2-hexanol addition.   
 
 
 
124 
 
 
 
Table 6.1. Chromatographic figures of merit for various analytes in micellar solutions 
Experiment Analyte N enant Rs Elution 
range 
k1 k2 
2% w/v (R)-DDCV Epinephrine 51000 1.06 0.97 4.56 1.06 1.12 
 Norphenylephrine 19900 1.10 1.18  2.16 2.39 
 Ephedrine 66500 1.11 2.23  3.32 3.71 
 Metoprolol 89600 1.10 1.59  7.10 7.88 
2% w/v DDCV Epinephrine 83500 1.03 0.74 3.87 0.97 1.00 
(S)-2-Hexanol Norphenylephrine 65400 1.03 0.80  1.17 1.21 
 Ephedrine 102200 1.09 3.07  1.89 2.06 
 Metoprolol 158600 1.06 2.39  3.46 3.67 
80:20 (R)-DDCV: Epinephrine 67600 1.10 1.24 6.34 0.88 0.96 
SDS (48mM:12mM) Norphenylephrine 48400 1.08 1.74  1.98 2.15 
 Ephedrine 75800 1.09 2.40  3.38 3.7 
 Metoprolol 102100 1.08 1.77  6.72 7.24 
80:20 (R)-DDCV: Epinephrine 44100 1.04 0.71 3.69 1.07 1.12 
LiDS (48mM:12mM) Norphenylephrine 60500 1.09 1.74  2.35 2.55 
 Ephedrine 69300 1.10 2.00  4.16 4.58 
 Metoprolol 31300 1.07 0.52  10.0 10.71 
2% w/v (R)-DDCV Epinephrine 132000 1.05 1.30 4.40 0.93 0.97 
5% Acetonitrile Norphenylephrine 161500 1.09 3.17  1.84 2.00 
 Ephedrine 166000 1.10 3.95  2.95 3.26 
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Table 6.2. Methylene selectivity for the various micellar solutions 
 
Experiment CH2 
2% w/v (R)-DDCV 1.31 
2% DDCV, (S)-2-hexanol 1.30 
80:20 (R)-DDCV:SDS 1.39 
80:20 (R)-DDCV:LiDS 1.27 
2% DDCV,5% Acetonitrile 1.31 
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Figure 6.1. Select electropherograms for the following experiments: a) 2% w/v (R)-
DDCV; b) 2% w/v (R)-DDCV and 1.5% (S)-2-hexanol; c) 2% w/v (R)-DDCV and 5% 
aceonitrile; d) 80:20 (R)-DDCV:SDS; e) 60:40 (R)-DDCV:SDS; 80:20 (R)-DDCV:LiDS.  
Order for enantiomeric pairs are as follows: epinephrine, norphenylephrine, ephedrine, 
and metoprolol. 
b 
a 
c 
d 
e 
f 
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In regards to mixed micelle solutions, 80:20 DDCV:SDS micellar solutions gave 
adequate resolution and theoretical plate numbers similar or better than those attained 
with DDCV micelles. The peak shape was comparable to those attained with DDCV, 
being an alternative to cut down costs by mixing a small amount of SDS with the 
expensive DDCV surfactant.   However, with the 80:20 DDCV:LiDS mixed micellar 
solution, the resolution, theoretical plate number, and elution range all decreases.  In 
addition, the DDCV:LiDS micelles did not successfully baseline resolve any of the 
enantiomeric pairs. 
 
 
6.5 Conclusions 
Although the peaks can be differentiated, epinephrine   and norphenylephrine cannot be 
baseline resolved with the addition of (S)-2-hexanol.  With the 80:20 DDCV:SDS mixed 
micelle system, similar enantioselectivities (enant) higher efficiencies (N) and increased 
resolution (Rs) are achieved as compared to DDCV alone.  With the 80:20 DDCV:LiDS 
mixed micelle system, a decreased resolution is observed for analytes epinephrine and 
metoprolol as well as a decrease in efficiency.  Adding 5% acetonitrile increases 
efficiency and resolution, with similar enantioselectivities as compared to DDCV alone.  
60:40 DDCV:SDS mixed micelle system causes a loss of resolution of epinephrine 
enantiomers and peak tailing for all other analytes.  In addition, cost savings can be 
achieved by employing a mixed micelle system of DDCV and SDS. 
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Future directions for this project include investigating the effect of various concentrations 
of organic modifiers on chiral mixed micellar systems, as well as investigating the effect 
of different chiral co-surfactants on chiral mixed micelles. 
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Chapter 7: Conclusions and Recommendations for Future Chiral EKC Research 
 
Although not common in a world of HPLC, EKC is an excellent tool for fast, efficient, 
and cost effective chiral separations.  EKC should be a complementary tool to HPLC, and 
can be a solution to difficult problems, such as the separation of metolachlor, a pesticide 
with four stereoisomers.  Still, EKC is still a young technique, developed only 20 years 
ago.  There is much development that is still needed, and the separation mechanisms for 
the various PSPs are still not completely understood. 
 
Another detail lacking in the EKC realm is the availability of chiral surfactants.  A 
variety of chiral surfactants may give way to a whole new world of chiral separations.  
With the novel surfactant synthesized in this work, we can see that a different but similar 
formulation to the currently available chiral surfactant DDCV was able to achieve large 
theoretical plate numbers in addition to enantioresolution.  Although the main negative to 
the surfactant DDPSC was the long run times, new surfactants can improve this issue.  
The purity of this novel surfactant can be improved to help decrease the ionic strength 
and in turn, increase the applied voltage to then cut down on run times.  But that should 
be left to true synthetic chemists! 
 
In addition, experimentation with MEKC is still slow coming. With only a handful of 
chiral MEEKC papers, more can be done to investigate different formulations, including 
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those with the new surfactant synthesized here.  MEEKC can offer a simple and cost 
effective way to separate chiral hydrophobic compounds with excellent CFOMs by 
varying the composition and concentration of its chiral components.   
 
Another cost-effective way to study chiral separations is the incorporation of mixed 
micelle system and organic modifiers. Although surfactant usage in EKC is minimal, 
even the slightest of savings by cutting down on chiral surfactant use is helpful in a tough 
economy as we are currently experiencing.  A small amount of SDS surfactant mixed in 
with DDCV can offer similar CFOMs, which was observed in the previous chapter.   
 
Again, a great deal of research is still necessary to optimize the use of chiral surfactant 
DDPSC that was synthesized here.  A variety of experiments, such as solvent-modified 
EKC, MEEKC, and counter-ion effect, can be done to explore the best conditions this 
surfactant can be employed under.    Although easy to make, the cost of the starting 
material was somewhat expensive and did not produce a high percent yield.  An 
inexpensive route or alternative would be the key to attaining economical chiral 
separations, which can be invaluable in today’s world. 
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PSP  pseudostationary phase 
RPLC  reversed phase liquid chromatography 
SDS  sodium dodecyl sulfate 
SDVal  sodium N-dodecanoyl-L-valinate 
TEA  triethylamine 
TPAH  tetrapropylammonium hydroxide 
TRIS  tris (hydroxymethyl)aminomethane 
UV-Vis ultraviolet and visible 
w/o  water-in-oil 
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Abstract 
Studies on Surfactant Purity, Chiral Composition, and Novel Surfactant  
Synthesis in Chiral Electrokinetic Chromatography 
Adeline B. Kojtari 
Dr. Joe P. Foley 
 
Electrokinetic chromatography (EKC) has been proven to be a useful tool in order to 
separate charged, neutral, and neutral and/or charged chiral species with short run times, 
high efficiencies and excellent resolution.  EKC differs from capillary zone 
electrophoresis (CZE) in that a pseudostationary phase (PSP) is employed in order to 
separate analytes, providing selectivity that is not achievable in CZE.  A variety of 
additives may be used as the PSP.  Some examples are surfactants to form micelles, 
cyclodextrins (CDs), crown ethers, and polymers.  In order to achieve chiral separations, 
a chiral additive or PSP must be utilized.  Chromatographic figures of merit (CFOMs) 
have been evaluated for a variety of PSP formulations, including micelles, solvent-
modified (swollen) micelles and microemulsions.  The identity and concentration have 
also been evaluated and compared to previous formulations of PSPs researched within 
our group.  Purity of the commonly used chiral surfactant in our lab, dodecylcarbonyl 
valine (DDCV), was evaluated under a variety of methods and its effect on CFOMs 
determined.  Finally, a novel chiral surfactant was synthesized and evaluated under 
micellar electrokinetic chromatography (MEKC) conditions in order to provide an 
alternative to the chiral surfactant, DDCV.  
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